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ABSTRACT 
In the Kaituna Valley an intensive change in land use has 
produced an increased demand for water, particularly groundwater. The 
present study was undertaken in order to provide an adequate data base to 
develop appropriate water management strategies for the Kaituna Valley 
and other similar catchments in the area. 
Shrinkage fractures within lava flows control the vertical movement 
of water whilst horizontal water flow occurs mainly within brecciated 
lava. Chemical and environmental water analysis indicate that local 
precipitation through volcanic fractures is the main mechanism for 
groundwater recharge in the area. The impermeable layers (tuff and ash) 
between lava flows and subvertical dikes divide the subsurface volcanic 
rocks into a number of groundwater compartments each with its own water 
level and outlets. Outlets will be into adjacent lower compartments or 
springs! As a result the groundwater passes through a number of steps 
down the hillside into the zone adjacent to the valley floor sediments. 
The outlet through the gravelly layer in this zone is the main mechanism 
of groundwater replenishment within the valley floor deposits. 
Geophysical investigations have identified two aquifers below the 
valley floor. The lower aquifer with an average transmissivity value of 
4.45 x 10-3 m2/s has a variable thickness ranging between 2 m to 60 m. 
The average transmissivity for the upper aquifer is 14.5 x 10-3 m2/s with 
an average thickness of 24 m. 
Using the hydrological water Balance for the monitored water year 
(June 1986 - May 1987), the total rate of recharge to the groundwater 
system was 86 mm out of 1900 mm total rainfall. 
If groundwater is to be used for drinking, it must be treated for 
excessive iron content in well M36/1344, and excessive manganese content 
in wells M36/843 and M36/1344 bot:. of which draw from the lower aquifer. 
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CHAPTER ONE 
INTRODUCTION 
1.1 Project Background 
The Kaituna Valley covers an area of about 50 km2, and is located on 
the south-west side of Bank Peninsula north-east of the Kaitorete 
Spit. (Fig. 1.1). It extends more than 11 km from lake Ellesmere in the 
south to the Mt Herbert in the north, and relief rises from 1 m at lake 
Ellesmere to an altitude of 920 m. 
A main problem for successful farming and land use development in 
the area is the water supply. In the lower part of the valley low rain-
fall and high evapotranspiration rates make irrigation essential, espe-
cially in the south east of the valley where hill slopes face the north-
west winds and dry out in summer. Highly saline soils adjacent to the 
lake regularly require large volumes of water to effect desalting. In 
addition during recent years tilere has been a steady change in land use 
from traditional pastoral farming to more intensive forms of land use, 
including horticulture, market gardening and dairying. These changes have 
produced an increased demand for water, particularly groundwater, in the 
lower-central part of the valley where the main body of the investiga-
tion is concentrated. 
1.2 Project Objectives 
The primary aim of the Kaituna groundwater study has been to assess 
and delineate the groundwater system, in order to provide an adequate 
data base to develop appropriate water management strategies for the 
Kaituna Catchment, and for other similar tributary catchments in the Banks 
Peninsula. 
Within the scope of the this overall direction, specific study 
objectives have been: 
1) Engineering Geological and Hydrogeological mapping of the area 
in order to determine site development history and geological controls of 
groundwater movement. 
2) Engineering Geophysical investigation including, electrical 
resistivity surveys, geophysical downhole logging and seismic profiles to 
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2 
complement geological observations in defining aquifer distribution. 
3) Stream discharge monitoring and catchment meteorological studies 
(evaporation and rainfall monitoring) to detect any possible interaction 
between groundwater and stream flow, and to assess the inputs and outputs 
of the groundwater system for understanding the gross water balance. 
4) Aquifer testing (ego pumping test, free flow test, slug test) to 
determine hydraulic parameters of the groundwater system. 
5) Monitoring of the piezometric surface and study of its fluctua-
tion with time to describe the responses of the aquifers to seasonal 
hydrological inputs. 
6) Spring discharge monitoring in order to identify groundwater 
discharge mechanisms. 
7) Water quality assessment for both spring discharges and valley 
floor aquifers, including environmental isotope studies. This was under-
taken in order to identify groundwater recharge sources and to determine 
the suitability of groundwater for public water supply, and/or irrigation 
application. 
lri pursuing the above objectives, it became apparent that ground-
water and surface hydrology of the catchment are closely related. As a 
result, the original objectives were expanded to include an assessment of 
the surface hydrology. 
1.3 Geological Setting 
1.3.1 Banks Peninsula 
Banks Peninsula, with an elevated area of 1200 km2, consists mainly 
of eroded remains of two large stratovolcanoes-Lyttelton and Akaroa both 
of Miocene age (Sewell, 1985). These formed between 11 and 5.8 million 
years ago. For the past 15 million years (from early Pleistocene) Banks 
Peninsula was an island on the western end of the Chatham Rise. Rapidly 
downcutting radial drainage pattern were well established on these by 
Pleistocene. The craters of both the Lyttelton and Akaroa volcanoes eroded 
completely due to lengthening and widening of the drainage system which 
have subsequently been drowned by sea, forming the Lyttelton and Akaroa 
harbors. During the mid-late Pleistocene (20 000 years ago), the vol-
canic island (Banks Peninsula) gradually became connected to the mainland 
by outwash fans from the Canterbury Pl a -j ns. 
3 
The pre-Lyttelton rocks (Torlesse Terrane sediments and the Char-
teris Bay Sandstone) occur up to an elevation of 330 m above sea level 
near Gebbies Pass. , 
A general stratigraphic column and simplified geological map of 
Banks Peninsula is show in Fig. 1.2. 
1) Lyttelton Volcanics 
Lyttelton Volcanics overlie a basement of Triassic to mid-Miocene 
volcanic and sedimentary rocks (Sewell. 1985). The volcanics are estimated 
to have formed a symmetrical cone as high as 1500 m above sea level, 
between 11 to 10 million years ago. It is largely composed of basic lavas 
(aa) with intercalated pyroclastic beds. The pyroclastic deposits vary 
from ash and tuffs to scoria cones. The Lyttelton volcano contain a num-
ber of trachyte lava flows and a radial dyke swarm. A trachytic radial 
dyke swarm was emplaced in fractures in the updomed volcanic cone towards 
the end of Lyttelton volcanism (9.7 Ma). 
2) Mt Herbert Volcanics 
The Mt Herbert Volcanics comprise a volcanic complex of mildly alka-
line, basalt plugs and lava flow and pyroclastic deposits. It occurred as 
a series of eruptions within and on the southern flanks of the Lyttelton 
volcano. The Mt Herbert Volcanics range in age from 9.7 to 8.0 Ma and are 
subdivided into five formations according to their field, composition and 
age relationships. These volcanics represent a south-easterly migration 
of volcanic activity from Lyttelton towards the Akaroa volcanics. 
3) Akaroa Volcanics 
The Akaroa volcano was active from about 9.0 million years ago (Sew-
ell 1985) to one million years ago. During this period a large volcanic 
cone (20 km south-east of the Lyttelton volcanics center) consisting of 
trachyte-basalt lava and pyroclastic beds was constructed. A number of 
dikes and domes, mainly of trachyte composition, are also identified in 
the volcanic succession. 
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4) Church Volcanics 
The Church Volcanics consist of a newly defined volanic group of 
basanitoids, alkali olivine-basalts and intercalated volcanogenic sedi-
ments (Sewell 1985). Most of these rocks were previously considered as 
the Church Formation of the Diamond Harbour Group. The volcanics range in 
age from 8.1 to 7.3 Ma. 
5) Stoddart Volcanics 
The Stoddart Volcanics comprise the youngest phase of volcanism on 
Banks Peninsula, occurring between 7.0 and 5.8 Ma. The volcanics consist 
mainly of olivine-basalt to olivine-hawaiite lavas. The Stoddart volcanic 
have been found entirely within the area covered by the Lyttelton Volcan-
ics as valley fillings or flat sheets from a number of sources. The major 
exposures of these rocks are identified in the Diamond Harb~ and Port 
Levy areas (Fig. 1.2). 
1.3.2 Geological Succession in the Kaituna Valley 
The Kaituna Valley is a good example of an ancient ~10 Ma, following 
the formation of Lyttelton volcanics) valley system which has been 
infilled by successive phase of volcanism and then re-excavated (Sewell, 
1985). This is evidenced by Stoddart Point olivine-basalt lavas (Fig. 
1.3) which are found as remnant valley-fill sequences along the north-
side of the valley. The volcanic successions in Kaituna Valley are illus-
trated in Fig. 1.3 and a summary of the lithology for each volcanic group 
is presented in Table 1.1. 
Lyttelton Volcanics are exposed mainly in the middle .and north side 
of the valley (Fig. 1.3). A large area of volcanic breccia is located 
near the head of Kaituna valley (GR 885 222). Two Trachytic 
domes also have also been identified within these volcanics. One is 
located north of trig D whilst the other occursnorth of the valley between 
Mt Bradly and Mt Herbert (Fig. 1.3). 
The lava flow related to Mt Herbert unconformably overlies the Lyt-
telton Volcanics on the north side of Kaituna Valley (Fig. 1.3). Three 
subdivision of these volcanics are identified in the Valley; 1) Port Levy 
Volcanic suite, 2) Orton-Bradley Volcanic Suite and, 3) Kaituna Olivine 
Hawaiites. The location of Mt Herbert Volcanics and its subdivisions are 
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shown in Fig. 1.3. 
Akaroa Volcanics are identified chiefly above the 500 m contour line 
on the east side of the valley (Fig. 1.3). They unconformably overlie the 
oldest volcanic rocks and interfinger with the Mt Herbert Volcanics (Sew-
ell, 1985). 
The Stoddart Volcanics (olivine-basalt) in the area are erupted from 
five vent plugs (Fig. 1.3). The largest vent plug is located in the 
upper reaches of the valley (GR. 907520). Lava flows related to these 
volcanics unconformably outcrop against volcanic rocks of the Lyttelton 
volcanics and Mt Herbert volcanics. The most complete stratigraphic suc-
cession is identified in the lower part of the valley (GR. 840 017) where 
lavasform a thick (130 m) sequence of 48 flows (Sewell, 1985). 
1.4 Geomorphology 
The Kaituna valley forms a major valley system draining to the south 
west. The valley, as part of the Banks Peninsula, was largely unaffected 
by the Kaikura orogeny (probably due to its distance from the main axis of 
the southern Alp deformation). Its origin therefore is considered to be 
due to erosion in the head waters of a major radial drainage system devel-
oped following cessation of Lyttelton and Akaroa volcanism. A thick pyro-
clastic deposit near the head of the Kaituna valley (Fig. 1.3) is likely 
to have eroded rapidly, and has been responsible for the initial develop-
ment of the valley drainage system. The topography in the area is con-
trolled by gently southward dipping (average 7 degree) lava flows. The 
eruption of Stoddart Volcanics from the five sources (Fig. 1.3) as valley 
filling or flat sheets between 6.9 to 5.8 million years ago has been 
responsible for the present pattern of the Kaituna valley drainage system. 
Although there is no evidence that glaciers ever formed on Banks 
Peninsula, the morphology of the area has been affected by the glacial 
period of the last two million years. Fine sand and silt, formed by the 
milling action of ice on rock, was accumulated as loess (up to 20 m) on 
the irregular surface of the volcanic rocks. 
1. 5 en mate 
~5.1 Rain Bearing Winds and Rainfall 
The Kaituna valley as a part of Banks Peninsula projects out from, 
and its 
Plains. 
10 
climate is quite different from, the surrounding Canterbury 
This is especially apparent with rainfall, with south-westerly 
and westerly winds flowing over the western part of the Peninsula and 
shedding their moisture as they cool. While Lyttelton Harbour receives 
most of its rainfall from a south-westerly direction, the bays to the 
east are more affected by ra"infall from the north-east. The Southern 
Alps provide no shelter from rain bearing winds from the south and south 
west, and therefore the higher elevated areas (where snow is expected in 
winter) are more exposed to southerly rain than the adjacent Canterbury 
Plains. This is clearly illustrated in the isohyetal map {Fig. 1.4}. The 
contours of equal rainfall depths are based on 35 years (from 1950 to 
1985) of rainfall (mean values) for Banks Peninsula. 
Winter conditions can linger on into spring due to the persistence 
of rain from the south and south west. Higher altitude regions of Bank 
Peninsula are more likely to be affected than the lower altitude regions 
due to topographic forcing of these unstable air masses. In Kaituna Val-
ley this is documented by observation of 247.4 mm in November 1986 for 
stn.l (App. 8.1). The summer period is dominated by anticyclonic conditions, 
resulting in the lowest rainfall totals at this time of the year. The dry 
warm north-west wind in early summer have an erosive effect on the hill 
slopes facing north. During this time relatively frequent rains are 
quickly dissipated by high evaporation rates. 
1.5.2 Temperature 
On Banks Peninsula the seasonal temperature range is smaller than 
that experienced in Christchurch due to the greater maritime influence 
(being less prone to katabatic drainage of cold air from the plains). 
This range is of the order of 20· - 30 0 (Dept. of Lands & Survey 1982). 
As a result frost are fewer and summer temperatures are low for Canter-
bury. In general relative humidity is less than 70% between October and 
February and temperatures often exceed 30 0 C during these months. In win-
ter, May to September, sub-zero temperatures are common. Ground frosts 
are recorded on more than 100 days per annum at Lincoln (Depth. of Lands & 
Survey, 1984), the nearest meteorological station, about 18 km inland. 
Climatic parameters, obtained from the Lincoln station (between June 1986 
and May 1987) are presented in App. 1. 
Lincoln stn. -562 
533 
o 4 8 km 
« Rainfall in mm» 
Figure 1.~ Mean Annual Rainfall in the Ban~Peninsula 
Cbased on rainfall data from a period of 1950 
to 1985)Cafter Jayet, 1986), 
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1.6 Vegetation 
Development of the present vegetation in the Kaituna Valley has been 
gr~~tly influenced by man and is therefore more related to management than 
to soil and climate. Pre-European vegetation consisted of Podo-
carp/Hardwood forest, which is now restricted to damper gullies due to 
burning in both pre-European and European times. Tall forests occupied 
the rich, flat alluvial ground of the valley floors. Only tiny remnants 
of forest remain as reserves, because the valley floors were prime candi-
dates for conversion to farmland (Wilson. 1987). There is isolated native 
bush preserved on the hill sides as well, the largest being located to the 
south of Mt Herbert in the inaccessible stream headwater (GR M36 895 
230). 
The main species of the Podocarpaceae family on the valley floor are 
Kahikatea, Matai and Totara. Hall's (or mountain) Totara is more common 
at higher elevations. Wilson (1987) notes that the most common type of 
vegetation which can be used as the indicators of the presence of springs 
are the Juncus species (rushes) and Carex species (Sedges). Today mixture 
of pasture land grass and tussock cover most of the valley. On the lower 
slopes more intensive development has occurred, with improved pastures 
sown down, while on some steeper slopes there has been colonization by 
gorse, broom and bracken fern. 
Towards Lake Ellesmere there is a distinct zonation of the vegeta-
tion parallel to the lake margin; 1) Grassland 2) Juncus dominant 3) Scri-
pus swamp 4) Salt meadow. Factors influencing this zoning are flooding, 
salinity and soil texture. Flooding has been more effective factor among 
these categories (Palmer 1982). 
1.7 Land Use 
The emphasis in the study area is on extensive sheep and cattle 
grazing, including breeding and some intensive fattening. Soils of the 
plains and valley floor are, in general, of high value for food production 
and at present are used for dairying, horticulture, and general cropping. 
SOils of the rolling land and hills are of low value for food production 
and can be classified according to their suitability for urban uses. loess 
is susceptible to tunnel and gully erosion, making it unsuitable for crop-
ping (especially where the vegetation cover is depleted by overgrazing or 
removed), However presently some of this land is maintained in pasture. 
13 
Fertility is improved by top dressing and soil structure is encouraged to 
developed so that there is less erosion. The land near the lake has to be 
leached of salt, protected from flooding and drained before it is suitable 
for pasture. 
The land Use Inventory Code and land use Capability Classification 
of the valley is shown in the Fig. 1.5 and Tables, 1.2 and 1.3. In this 
classification the suitability of rural land for productive use can be 
evaluated aftltr taking account of all physical l"imitations 
In Kaituna Valley three of the land use capability classes 
(Table 1.3) can be identified; 
Class III land has moderately deep to moderately shallow soils on 
flat to gently undulating slopes (0' - 7°). Land use limitation include a 
risk of wind erosion, high watertables in winter, 
These limitations are moderate for intensive grazing, 
tion forestry. 
or saline soils. 
cropping and produc-
Class VI Includes land with very shallow stony soils on flat to 
undulating slopes(16° - 35°) and stable hill slopes. It is considered 
suitable land for grazing and, with the exception of the shallow stony 
soils, for production forestry. 
Class VII these type of land consists of steep exposed hill slopes 
(26 - 35) and rolling coastal dunes with a severe wind erosion hazard 
under pasture. It is not desirable for grazing or production forestry. 
1.8 Investigation Techniques 
1.8.1 Hydrogeological mapping. 
Hydrogeological mapping of the Catchment was undertaken from May 
1986 until January 1987 using topographic base plans: M36 and N36. The 
whole catchment and its lower half were mapped at 1/10000 (Fig. 1.6). 
and 1/20000 (Fig. 1.7) scales respectively. 
1.8.2 Laboratory Testing 
Laboratory permeability tests (falling head) were carried out (Sep-
tember 1986) on 8 samples obtained from a 6 m hand auger hole. Samples 
obtained from the auger hole were also analyzed for particle size distri-
bution (by dry sieve and hydrometer), and water content. For a more accu-
Lo _151- B 
0- PI 
III e8 
LaNa 159H- E 
lTSh·P23 m 8 
Vle13 
1'1 
I 
1 0 2 Km 
LEGEND 
A LAND USE I NVENTORY CODE; 
_Ro~k tYPe - Soil unit - Slope 
E ro 5 ion degree. 1 ype vegelation 
B LAND USE 
(Classificalion in lable 
I. 1111 .. It I J 
Scale • 633 & 0 
hI V VI VI VIII 
degree 01 limilalion 
CAPA81l~ elm C:£" I III 
E . G' V I ~ Subcla 5S ~e:::r.:::o.::::s,.::::on~(:-e;)~~:.:.-:::.:::.::::::.:..:.:.:~=~~_----,...c...:..4 ~un" 
F.i~ 1.5 LAND USE IN KAITUNA 
1 1 2 I 3 1 elc 
Similar managemenl and 
conselValion rEl<luirernents 
VALLEY 
(8ased on N. Z land r )50UrCes Inventory Worksheet S84/S94) (NWASCO 1975) 
"",II ffcr.cntJ.aLe<1 flood pl.,J.n 
alluvIum 
I/o 
1.0 
Volcnnic rock 
loess 
lill!L. U II 1 'r 
'Sf ,'fl1<fllm (ycllow-'lr.cy ""rth) 
1 ,<111 ,'fl1<flIIE - K rw I. ("" .. c "" '~f) 
20all OIWKU (yollow-grey to yellow-brow" 
"nrths inl: ... q[a) 
lOcll PflWSOII (s"me "" 2B~II) 
413 KENEI'UIIU (lowl"nd yellow-brown 
enrthsl 
;41111 HOSSU {\Jpland "nd IIlgh country 
yel.low-hrown e",tlll 
11 r:;VflNS KIIiI (hrown gn1nu1ar loam 
ilnd clays) 
11" r;"EWART f,OMMI'r (",am.., as 77) 
90e llflllllY (rf"'c"nt solIs on r lood 
plaIns) 
BLO!'!> 
1;11051 ON 
"y1'e 
r;h sh""t 
nSf solI. sUp 
'I' tunnel <1" lly 
Sh sl.~ei\mb1lnk 
Deqrec of eronlon 
VEGETATION 
Grassland 
lJegree 
o nl',}i I'llhle 
1 8light 
1'1 lIigh producing p""ture 
PZ Low producing or natIve grassland 
Scrubl"nd 
Ml Mi'HHtkn kanUKn 
M~ Fern 
M6 Mixed nalive scrub assns 
Mil Gorse 
Forest 
NJ ('*odocA:rp - httcdwood 
(a) J.owland 
15 
h 0 - J 
1\ 4 - 'I 
N.ll. c .. pl.l:al lette" indicat"" type of v('<lct .• ,tlon 
cOlnpriscs ) 40'11 o[ unit ,I["a, small-teller (40". 
C !l - 15 
[J 16 20 
t~ 21 25 
f 26 - 35 
r, } 35 
f • G Compound slope8 (first slope 
dominales) 
OJ 
Ul 
:J 
0 
.., 
c: 
0 
..... 
.., 
ttl 
.., 
..... 
E 
..... 
...... 
01 
c: 
.... 
Ul 
ttl 
OJ 
t.. 
U 
c: 
..... 
Tabie 1,2 Land use invp.ntory code clM.slflc1ll.lon 
(Water and Soil DJvislon, M.W.D, 1919) 
tlil 55 
11 
III 
IV 
V 
Vl 
Vll 
VIlI 
Croppi",} 
S"it"bl.li ty 
lIigh 
MedIum 
Low 
Unsuitable 
* Gen..,n,1 Pastoral ... 
Production Forestry 
SUItability 
High 
MedIum 
Low 
Unsuitable 
.. Genel~lJ ) 
SultabU i Ly 
Multl"l" 
t1fOe of 
lilnd 
1' .. "Lo"a] 
Forestry 
land 
C .. tchment 
protected 
land 
.. 1,And Uf;"'" cilp"hillty clll:!;.ses IV - VII which h(lve wetness ,')5 lhe 
major limitatIon and those unit" in very ·low rainfali '"ce"" or. 
t.ho"" occurd.nq on shallow salls are normally noL suited to 
production forestry. 
Table 1.3 Land USe c"'pnbllity classi[lcatlon 
(Water and Soil t>lvision, H.W.t>.· 1919) 
:::n 
.., 
.... 
...... 
.... 
.., 
ttl 
III 
t.. 
Ql 
:> 
OJ 
c: 
.... 
III 
ttl 
Ql 
t.. 
U 
(]J 
1:1 
16 
rate soil description, Atterberg limit tests was also conducted on these 
samples. 
1.8.3 Geophysical investigations 
Geophysical downhole logging, electrical resistivity, seismic 
refraction and seismic reflection were employed for this study. 
Downhole logging was carried out using caliper, natural gamma and 
neutron logging techniques in six boreholes. 
A Resistivity survey was undertaken between January 1986 until March 
1987, using ABEM DC Terrameter and Terrameter SAS 300 with its Booster. 
The survey consisted of 42 Schlumberger and 3 Wenner electrical soundings. 
Seismic reflection and seismic refraction profiles were conducted 
using Geophysical Division's SN 338-HR 48 channel recording system 
mounted in a truck during March and April 1987. Explosive charges, and a 
minisosie road tamper were used as energy source for the survey( by autha~ 
and staff of N.C.C.8 and O.S.I.R). 
1.8.4 Surface Hydrology 
Rainfall monitoring was undertaken using four rainfall gages (circu-
,1ar standard cylinder 20.3 cm in diameter). Rain data for each site was 
collected on a daily basis (9 am) for a 12 months period (June 1986 -May 
1987). Evaporation data was obtained for 12 months using a class A pan 
evaporimeter. 
Stream gauging data was collected using an automatic stage recorder 
(3m range Foxboro pressure bulb). Measurement of discharge was conducted 
using a current flow meter (Pygmy current meter). 
1.8.5 Groundwater Hydrology 
The hydraulic parameter of aquifers were investigated using a pump-
ing test, (step drawdown), slug and free flow tests on seven bore holes 
Piezometers in eight bores were monitored from June 1986 to May 1987. 
Water level in bores were monitored using a standard W/A cable electronic 
probe. Discharge magnitude was monitored on a monthly basis at 27 springs 
for 12 months (June 1986 - May 1987)(see App.13.1). 
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1.8.6 Hydrochemistry and Environmental Isotope studies 
Water samples for chemical analysis were colle~ted from a total of 
five boreholes, three springs and one surface water. Water samples from 
three boreholes and three springs were forwarded to the Institute of 
Nuclear Science for analysis of the stable isotope Oxygen-18, and the 
radio-active isotope Tritium. 
1.9 Thesis Organization 
The thesis consists of seven chapters. Chapter two present a geolog-
ical frame work for the valley and its hydrogeological characteristics. 
In the following chapter application of different geophysical techniques 
(downhole geophysical logging, resistivity, and seismic refraction and 
reflection methods) for locating the water bearing potential of valley 
floor deposits are discussed. Surface and groundwater hydrology compo-
nents and their interaction are discussed in chapter four and five to 
develop a water balance and hydrogeological model for the catchment. In 
chapter six hydrochemistry and isotopic investigation and their applica-
tion in water quality assessments and groundwater origin are interpreted. 
The final chapter presents the summary and conclusions of the study. 
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CHAPTER TWO 
HYDROGEOLOGICAL CHARACTERISATION 
2.1 Introduction and Objectives 
The occurrence and properties of groundwater~ its origin, move-
ment, and chemical constituents, are dependent on the geologic framework. 
The main objective for the following study was therefore to distinguish 
the most important geological properties (lithology composition, distri-
bution, structure and morphology) which control the water bearing poten-
tial of the rocks and sediments within the study area. 
The geologic framework in the study area consists of volcanic lava 
flows, pyroclastic materials, intrusive rocks, regolith deposits and 
alluvial-coastal sediments. 
2.1.1 Lava Flows 
Lava flows in the area are related to different volcanics Their 
composition varies between olivine basalt, olivine hawaiites and hawaii-
tes (Fig 1.3). 
Properties of relevance to groundwater storage / migration are 
discussed below. 
1) Flow Thickness and Orientation 
Lava flow thickness is irregular, and dependent on distance from 
the centre of extrusion. Variations in lava thickness are interpreted to 
be due to the relative proximity of the flows to the eruptive centre. 
Lava thickness is also controlled by the pre-existing topography on the 
volcano's flanks. Field data has indicated a maximum thickness of 30 m. 
and a minimum thickness of 2-3 m for lava flows. The average thickness 
determined is between 2 and 3 m. 
The dip of lava flows was measured at various locations where the 
top part of the lava was exposed. The value ranges from 6° to 20° toward 
the south. The average dip for a group of lava flows with similar orien-
tations is shown in Figs 1.6, 1.7. 
The gentle dip of lava toward the south is illustrated in Plate 
2.1. 
2) Flow Morphology 
The "aa" type lava flow consists of a basal breccia, a rubbly top, 
and massive lava in between (Fig. 2.1). A 2-3 m. thick mantle of irregu-
lar rubble tops or scoriaceous fragments develop autoclastically by 
breakup of the solidified crust of the flow during movement. Slabs 
formed on the steep toe of the active flow fall to the ground, where they 
form a carpet of rubble over which the flow subsequently advances. These 
basal breccias are generally thin and less continuous (Plate 2.2) than 
the brecciated tops, whilst the brecciated lava grades into more massive 
lava in the center. 
3) Jointing 
Joint structure is controlled by the flow thickness and the dis-
tance from chilled flow margins. The joint density increases toward the 
margins and spacing, persistence, and aperture of the joints changes rap 
idly within the same flow. Additionally, from field observations, the 
different types of volcanics in the valley appear to cause an irregular 
jointing pattern within the valley. However, in general terms, two sets 
of joints are dominant in each lava flow, one set approximately normal to 
the lava flow direction (columnar jointing, Plates 2.3, 2.4,2.5) and the 
other roughly parallel to it (Plate 2.6). During formation of a lava 
flow, the movement of the base of the flow is decreased by friction 
against the underlying ground, and the moving liquid higher up tends to 
separate into a series of joints parallel to the top and bottom of the 
flow (parallel joints). In the study area these joints vary in orienta-
tion for different lava flows. 
As the lava cools it shrinks, and this results in tensional 
stress, which in turn cause the rock to fissure. Some of the joints thus 
formed are approximately at right angles to the cooling surface (vertical 
or columnar jointing). This set of joints are more pronounced in the 
study area. In the study area, joint spacing for the vertical set aver-
ages about 40 cm, but varies between 0.Q1 m. and 4 m. Joint width is 
approximately 3 cm, but is reduced in some cases due to weathering and 
infilling by secondary minerals such as calcite. 
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Plate 2.1 The gentle dip of the lava flows towards the south. 
(G.R. 842 171). 
Plate 2.2 Contact between lava flow, basal breccia and 
ash layer. (G.R. 828 146). 
2 2 
Plat e 2.3 Lava Flows with Columnar Joints. (G.R. 843 168) 
late 2.4 Columnar Joints. (G.R. 842 166) 
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Plate 2.5 Joints parallel to the lava flow (Parallel joints) 
(G.R 884 221). 
Plate 2:.6 Columnar joints and contact between centre lava 
and brecciated lava. (G.R 841 166). 
2~ 
4) Vesicularity 
Vesicles produced by bubbles of gas trapped during the solidifica-
tion of the lava are occasionally infilled with secondary minerals. If 
solidification is very slow, all the gas bubbles may escape, leaving the 
solidified rock dense, but if cooling is rapid, the liquid freezes with 
the gas bubbles still in it and the rock will be highly vesicular. In 
the area thin (2 - 3 m) lava flows, and the top and bottom of flows are 
generally vesicular The vesicles generally have a diameter of less than 1 
cm. 
2.1.2 Pyroclastic Materials and Intrusive rocks 
Accumulations of rock f .. ~gments thrown out by volcanic explosions 
occur throughout the study area. Unconsolidated ash deposits are known 
as ash layers, ash beds, or ash blankets, while consolidated ash deposits 
are called tuff. These materials are typically reddish in colour (Plate 
2.7) with an average clast size between 1/256 and 2 mm (Sewell, 1985). 
Some graded bedding is observed within crystal tuff deposits. Tuffs are 
generally present as thin discontinuous beds of irregular thickness (1 -
3 m.), which pinch out locally). Volcanic agglomerates (average clast 
size 64 mm), have also been found in the study area. These are present 
in thicknesses of up to 150 m. (GR M36 885 222, Plate 2.8) Clasts are 
supported by a matrix of tuffaceous medium sand. 
Intrusive rocks in the valley are mainly trachytic and mugearitic. 
There are also two trachytic domes in the valley. Both domes are weath-
ered with a poorly developed columnar - jointing. 
2.2 Water - Bearing Properties of Rock Mass 
2.2.1 Rock Mass Model 
Hydrogeological properties of rock mass including lava flows, 
pyroclastics, and intrusive rOCKS, together with their rock engineering 
geological descriptions (App. 2) are presented in Table 2.1. 
The proposed model is illustrated in Table 2.1. The most suitable 
medium for water movement within the rocks in the Kaituna valley is con-
sidered to be a lava flow with a joint spacing of up to 200 mm. The main 
perching layer within the rock mass is ash and tuff (average clast size 
Plate 2.7 Ash Layer below Brecciated Lava. (Clast Size 
between 1/256 to 2 mm) (G.R. 856 174) 
Plate 2.8 Volcanic Agglomerates (Average Clast Size 64 mm) 
(G.R. 885 222). 
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ENGINEERING GEOLOGICAL 
DESCRIPTIO:l 
Flow centre slightly 
to highly weathered, 
moderately strong to 
very strong, light ~o 
dark grey. 
medium to finely crys-
talline Basalt to trach-
ytic rock, often 
vesicular. 
- jointing is irregu-
lar, however 2 joint 
sets are dominant. 
Spacing: <15 to 200cm 
Aperture: tight to <200cm 
Average unit block size; 
medium to large (10 to 
100 cm). 
Rubbly top: 
slightly to highly 
weathered basaltic 
clasts (boulder size), 
in matrix of slightly 
to highly weathered, 
soft to hard light to 
dark mixture of silt 
to gravel fragments of 
basaltic composition. 
Basal Dreciated Lava: 
unweathered to slightly 
weathered, strong, dark 
grey, clasts of Basalt 
Trachyte (up to boulder 
size), with insignifi-
cant matrix. 
Ash and Tuff: 
slightly to highly 
weathered, nlvderately 
weak to moderately 
strong, light to dark 
red, massive to finely 
layerd basaltic tuff 
and ash. 
Volcanic Brecia: 
slightly to highly 
weathered, moderately 
weak to moderately 
strong, grey clasts of 
Basalt and Trachyte 
(1-50cm), in a slightly 
to highly weathered, 
weak to moderately 
strong, grey to greyish 
red, medium massive 
sandy tuffaceous matrix 
Dikes and Domes: 
slightly to moderately 
weathered, strong to 
very strong, greyish 
massive Trachytic to 
basanitic domes and 
dikes 
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HYDRpGEOLOGICAL PROPERTIES 
highly fractured lava is 
the main medium for verti-
cal watex flow. 
- massive lava with a few 
shrinkage fracture is a 
barrier to vertical water 
movement. 
- highly weathered lava 
flow acts as a perching 
layer, due to a reduction 
in void ratio. 
- highly weathered rubbly 
lava (at top) acts as a 
perching layer. 
- slightly weathered rubble 
lava allows horizontal 
water flow. 
- the most suitable zone 
for horizontal water 
movement. 
- impermeable, and the main 
barrier for vertical water 
flow. 
- barrier for vertical 
water flow due to its 
massive and unjointed 
nature. 
barrier for vertical and 
horizontal water flow due 
to its massive and 
unjointed nature. 
Table 2.1 Engi.neering Geologlcal Description and Hydrogeological 
Properties of Rock Mass 
cl 
between 1/256 mm and 2 mm. 
2.2.2 Water Movement in Lava Flows 
Two components of water flow through lava flows have been identi-
fied and are discussed in the following sections. 
1) Horizontal (Lateral) 
The horizontal water flow is a downward movement due to the gentle 
southward dip of the lava flow (6°_ 20°). The basal breccias, rubbly 
tops, horizontal joints of the lava flows are identified as the main 
zones of horizontal groundwater flow (Plate 2.9). 
Since the horizontal flow path occurs through a layer which was 
formed contemporaneously with the lava flow, horizontal water flow is 
considered to be a function of the primary permeability of the rock mass. 
The basal breccias have a better potential for groundwater flow 
than the rubbly top layers since they have been less affected by ero-
sional processes. Erosional processes will tend to reduce the permeabil-
ity of the rubbly top in the time gap which is present between the forma-
tion of succeeding lava flows. Horizontal water flow will depend on any 
difference in horizontal conductivity between the brecciated lava and 
underlying layers. Maximum horizontal flow will occur where a perching 
layer such as tuff underlies the brecciated lava. In the absence of a 
coherent perching layer, water will percolate to deeper layers through 
vertical shrinkage joints. 
2) Vertical 
Vertical shrinkage cracks are the main path for vertical flow of 
water. Since the joints developed after the formation of the rock mass, 
this type of flow is due to secondary permeability within the rock mass. 
Freeze and Cherry (1979) give a permeability value of up to 102 
mls for a jointed lava flow. It was observed in the field that columnar 
jointed lavas in summit region (Plate 2.10) can absorb all rainfall water 
with no surplus run off. In contrast, massive and unjointed flows have 
no potential as a medium for vertical water flow. 
Plate 2.9 Horizontal Jointed Lava Flow (Media for Horizontal 
~vater Movement). (G.R. 836 187) 
Plate 2.10 Columnar Jointed Lava at Summit (Media for 
Vertical Water Flow). (G.R. 835 198) 
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2.2.3 Water Movement in PYroclastic Materials and Intrusive Rocks 
loose and coarser pyroclastic materials are highly permeable,. how-
ever permeability is reduced with compaction and weathering (deposition 
of secondary minerals). Compacted and impermeable tuffs between lava 
flows (Plate 2.7) divide the volcanic terrain into a number of ground-
water compartments. 
Intrusive rocks (domes and dikes) act mainly as a barrier to lat-
eral water flow. Joints and shrinkage cracks are generally tighter in 
these rocks, and the vertical flow path is greatly reduced. 
2.3 Regolith Materials. 
2.3.1 Types 
The regolith materials on Bank peninsula can be divided into the 
following categories (Bell and Trangmar, 1987): 
1) in situ primary airfall loess; 
2) loess colluvium; 
3) mixed deposits of loess and volcanic colluvium; 
4) volcanic colluvium; and 
5) residual regolith. 
The main element used in this classification is the presence or 
absence of a loessial component. 
A general relationship between landform and regolith type is shown 
in Fig. 2.2. This model is generally appropriate for Kaituna Valley. 
The engineering geological description of the regolith deposits in the 
study area is shown in Table. 2.2; 
2.3.2 In Situ Primary Airfall loess and loess Colluvium 
1) Composition and Occurrence 
The in situ loess of the Kaituna Valley is mainly related to the 
Barry Bay loess and its eroded phase. The Barry Bay loess is mainly 
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ENGINEERING GEOLOGICAL FIELD 
DESCRIPTION 
unweathered to slightly 
weathered, dry to moist, 
fine to stiff light olive 
brown (Birdlings Flat & 
light yellowish brown 
(Barrys Bay). Lighter 
concretions and orange 
mottling due to burrow-
ing massive clayey silt 
with some sand (at lower 
elevati(.~s). ML. 
slightly to moderately, 
weathered, dry to moist, 
firm, light yellowish 
brown, or dark brown, 
massive, silt with some 
clay, sand, and gravel, 
ML. 
Moderately weathered, dry 
to moist, firm, darkbro.mto 
yellowish brown, massive 
gravelly clay and silt with 
some fine coarse gravel, 
and sand, M.L. 
Moderately to highly wea 
thered, dry to saturated, 
soft to hard, dark reddish 
brown, silty gravel (fine 
to coarse) and clay with 
some sand, GP. 
Table 2.2 Engineering Geological Field Description 
and Hydrogeological properties of Regolith 
Materials. 
J;lYDROGEOLOGICAL 
PROPERTIES 
- low infiltration 
potential. 
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- common media for 
water flow are; S 
layer, where it over-
lies C layer fragepan 
and Player, overling 
impermeable bedrock 
-slightly higher in-
filtration potential 
than in situ loess (up 
to 10% volcanic frag-
ments. 
Higher potential as 
an infiltration media 
than loess and loess 
colluvium (10 to 90% 
volcanic fragments.) 
- the best medium for 
infiltration among 
the regolith deposits 
(more than 90% volcanic 
fragments). 
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classified as silty loam, with some fine sandy loam at lower altitudes 
(Bell and Trangmar, 1987). In the lower part of the Valley (Fig 2.3) the 
loess· is part of the Birdling Flat Loess; a calcareous, fine sandy loam. 
Calcareous concretion are scattered throughout the deposits. The lime 
has been deposited by seepage around a central core, for example a root, 
a fragment of rock or soil, or a even a moa bone (Griffiths, 1973). The 
lime cements the fine silts into sand-sized particles, resulting in an 
overall increase in porosity (Birrel & Packard, 1953). Salts found in 
the Birdling Flat Loess include calcium sulphate, calcium chloride, cal-
cium carbonate and sodium sulphate and chloride. Layering in loess col-
luvium and in situ Loess is illustrated in Fig. 2.4. In the study area 
the layering is variable and generally discontinuous. The discontinuous 
nature of the layering is thought to be due to erosion during deposition, 
and post-Pleistocene slope processes (Griffiths, 1973). 
Loess colluvium is mainly composed of quartzo-feldspatic silts and 
fine sands. It may contain up to 10% volcanic fragments (Plate 2.12) 
which range in size from pebbles to boulders (Bell & Trangmar 1987). The 
percentage of volcanic components increases toward the bedrock, where it 
grades into mixed colluvium and then into volcanic colluvium. 
The Birdling Flat loess - colluvium is highly dispersive. It 
shows distinct and discontinuous layering, related to a series of deposi-
tional events and post-glacial ~oil formation. Birdling Flat Loess cov-
ers the bottom part of the valley (Fig. 2.3). Thickness is up to 16 m 
but decreases with increasing altitude (Plate 2.11). 
Barry Bay Loess covers the valley heads and summits of the valley 
in more humid climatic areas. 
In general, in situ loess is thicker at the summit and becomes 
thinner at the slope shoulders and the footslopes while loess colluvium 
is more apparent at the shoulders, backslope, footslope and topslopes 
(Fig. 2.2). Loess colluvium is thickest on accumulative footslopes, 
where it is layered and covers the in situ loess. 
2) Origin and Distribution 
Silt-size materials were formed by glacial grinding action during 
the Pleistocene. They initially accumulated on the fluvio-glacial out-
wash fan surfaces, and were then transported by north westerly winds and 
deposited as a blanket on the eroded flanks of Banks Peninsula and the 
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Plate 2.11 Birdlings Flat loess cover at the bottom part of 
the valley (G.R. 830 149) • 
. late 2.12 Loess colluvium contains up to 107G volcanic 
fragments (which range in size from pebble to 
boulder) (G.IL 8.'>7 176). 
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Canterbury Plains (Griffiths, 1973). 
Loess colluvium is a result of down slope transportation of in 
situ loess by freeze-thaw induced mass movement during cold-climatic epi-
sodes in the Pleistocene. 
2.3.3 Mixed colluvium 
Mixed colluvium consists of loess intermixed with weathering prod-
ucts derived from the volcanic rocks that outcrop upslope (Bell and 
Trangmar,1987). The ratio of loess (or loess colluvium) to volcanic 
fragments ranges from 10% to 90%, therefore the morphology of mixed col-
luvium ;s highly variable. Colour ranges from dark brown to yellowish 
brown, depending on the volcanic fragment/loess ratio. The size of the 
volcanic fragments range from sand to boulder, decreasing with increasing 
distance from the outcrop. 
Mixed colluvium is traced on backslopes and upper footslopes below 
outcrops of volcanic rocks {Fig. 2.2}. It may overlie in situ loess, 
older colluvium or bedrock. The thickness of mixed colluvium in Kaituna 
Valley varies between 0.4 - 2.8 m. 
2.3.4 Volcanic Colluvium and Residual Regoliths 
I} Volcanic Colluvium 
Volcanic colluvium consists of weakly to moderately weathered vol-
canic rock fragments held in a matrix of highly weathered fines derived 
from volcanic bedrock, and mixed with a small amount «10%) of loess 
materials {Bell & Trangmar, 19B7}. The size of the fragments varies from 
fine grit to boulder, with larger fragments found near the outcrops 
(Plate 2.13) Colour ranges from reddish brown to light brown, depending 
on the volcanic rock/loess ratio. 
Volcanic colluvium is found mainly on the moderately steep mid 
backslopes immediately below the outcrop. The thickness is extremely 
variable, reaching a maximum of 1.2 m. and thinning away from the out-
crops. 
2) Residual Regoliths 
Residual regoliths are formed from the in situ weathering of vol-
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canic bedrock (Plate 2.14) They contain 5-20% slightly to highly weath-
ered, subangular volcanic fragments in a matrix of reddish brown silty 
clay loam or clay loam. 
Residual Regoliths are found on low angle slopes (3° - 20°) at high 
altitudes where a lava flow ends, or where lava flows of different resis-
tance to weathering are exposed. The thickness of residual regoliths is 
usually less than 0.9m. These materials are mapped together with vol-
canic colluvium, since their infiltration properties are similar. 
2.3.5 Water-Bearing Properties of the Regolith materials 
Hydraulic conductivity in regolith materials increases with 
increasing volcanic fragments and decreasing loess component. This is 
due to a change in composition. An increase in volcanic fragments from 
0% in loess (silt size material) to 90% in volcanic colluvium will result 
in increased permeability, and therefore infiltration potential. This 
has been documented previously by Bell & Trangmar (1987), and Sanders 
(1986). 
1) In situ loess and Loess-Colluvium 
Water flow in in situ loess may occur: 1) at the loess-bedrock 
interface within the P layer, by percolating through dessication cracks 
of the C layer fragipan or infiltrating through the loess-bedrock inter-
face, 2) above the C layer fragipan,- where this is developed (Table 
2.2). 
Loess colluvium has a lower bulk density and a greater permeabil-
ity than in situ loess (Bell - Trangmar, 1987). Layering within the 
loess colluvium displays differences in permeability, moisture retention, 
density, texture dispersion, and strength. Contacts between these layers 
therefore provide suitable sl'bsurface water flow paths, and water flow 
within more dispersive layers has resulted in the formation of tunnel 
gullies (Fig. 1.6 and 1.7). 
2) Mixed Colluvium 
Mixed colluvium may directly overlie in situ loess, older colluv-
ium or bedrock. Where the underlying layer is firm and massive (eg. in 
situ loess), water which has percolated through the mixed colluvium flows 
37 
Plate 2.13 Volcanic colluvium forming apron belo'.v lava flow 
outcrop. Also note contact between loess and mixed 
colluvium at the base of the apron (G.R. 885 205). 
Plate 2.14 Residual regoli th formed as a result of insi tu 
weathering of volcanic bedrock (G.R. 885 205). 
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along the interface. In general with an increasing ratio of volcanic 
fragments/loess, the permeability of the mixed colluvium increases. 
3) Volcanic Colluvium and Residual Regoliths 
The composition of the volcanic colluvium (poorly sorted volcanic 
fragment with less than 10% loess), makes it the most suitable medium 
for water flow among regoliths. Its distribution in Kaituna valley is 
shown in Figs 1.6 and 1.7. The water flow path is often close to the 
bedrock interface (Table 2.2). This became evident by observing the dis-
appearance of springs over volcanic colluvium and their reappearance at 
lower elevations). 
Rock flows (free-falling rocks under gravity downward and usually 
outwards from the source) have been associated with the seepage zone in 
these units. 
2.4 Alluvial and Coastal Sediments 
2.4.1 Description 
The following discussion is based on information obtained from 
logged drillholes (Fig. 2.5). Valley floor deposits, and their hydrogeo-
logical characteristics will be discussed in detail in Chapters 3 and 5. 
Alluvial~coastal sediments in the Kaituna valley floor consist of 
a wedge of sediments resting on a lakeward inclined surface of the vol-
canic basement (Fig. 1.7). 
Valley floor sediments are composed of clastic materials varying 
greatly in size and degree of sorting. Both marine and terrestrial mate-
rials have been deposited in the valley, and these consist of poorly 
sorted volcanic rubble, beach gravels, fine grained lagoonal muds and 
clays (Talbot and callander, 1986), and terrestrial gravel, silt, clay, 
and sandy silt (rewashed loess and loess colluvium). 
After formation of the volcanic terrain and development of the 
drainage system within the valley, the steep and unvegetated valley sides 
were extensively eroded. This resulted in the formation of a poorly 
sorted volcanic rubble of irregular thickness found on top of the vol-
canic bedrock (Fig. 2.5). 
During periods of high sea level, weathered volcanic fragments 
were covered by beach gravel and lagoonal muds and clays (with some wood 
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remnants). The marine sediments were later overlain by terrestrial clay 
and gravel lenses when sea level was close to its present day position. 
The top part of the alluvium (especially the modern flood plain) is cov-
ered by silt and sandy silt which are sourced from rewashed loess and 
loess colluvium. 
The alternating sequence of marine and terrestrial sediments 
within the area is related to transgressions and regressions during the 
Pleistocene. During the full glacial conditions in the Southern Alps 
(15,000 years ago), sea level was approximately 130 m lower than at pre-
sent. Then in the early post - glacial (10,000 years ago), sea level 
was about 20 m lower than now, but rising (during this time a shallow 
strait existing between the alluvial fan belonging to the Rakaia and 
Waimakariri rivers, and Banks Penins~la). In the mid post-glacial period 
(6000 to 4000 years ago), there was a continuing rise in sea level to 3 
m above present level. At the beginning of this period the Kaituna Val-
ley was a bay open to the sea. Finally from the late post-glacial (2000 
years ago), sea level started falling to the present mean sea level 
(Palmer, 1982). 
2.4.2 Water-Bearing Properties of the Alluvium (at Shallow Depths) 
The top six metres of the alluvium were investigated by laboratory 
permeability, grain size, and water content analysis of the different 
layers found within a six metre deep auger hole (AHl, in Fig. 1.6). This 
data, and an engineering geological field description, is presented in 
Table 2.3. 
Permeability tests revealed that the silty layers which cover the 
top part of the alluvial plain have a very low {ApP.3.~ hydraulic conduc-
tivity (Table 2.3). All samples were well sorted (App. 4), except a 
silty sand layer between 2.65 and 2.85 m. This sample is composed of 
54.07% sand, 40.63% silt and 4.3% clay. The water table was measured at 
a depth of 5 m. in the augerhole, and laboratory measurements of water 
content increase toward this depth. Depth to water table varies between 
o (Spring AI, Fig. 1.6) and 5 m (augerhole AH1). Using auger holes at 
different locations, the average depth to the water table was found to be 
between 1 and 3 m, decreasing toward the main stream (Kaituna). 
The terrestrial sediments formed within or close to river channels 
are found to be more coarse-grained (sand and gravel) than those depo-
sited on the flood plain (using auger holes). 
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The boundary of alluvial sediments are defined in Fig. 1.6 and 
1.8. Between GR M36 894 211 and GR M36 900 210, the stream flow occurs on 
vol cani c bedrock (Pl ate 2.19) and vc 1 can i c co 11 uvi urn wherel eakage from the 
stream is highly probable. 
The alluvial sediment overlies a sequence of marine muds, clays, 
and gravelly layers (Fig. 2.5). Their boundary and hydrogeological char-
acteristics are discussed in the Chapters 3 and 5. 
2.5 Springs 
2.5.1 Springs Model 
The following model is based on geological study and field obser-
vation. Impermeable and compacted layers such as tuff, occurring between 
lava flows and impermeable subvertical dikes divide the volcanic terrain 
into a number of "groundwater compartments", each with its own water 
level and its own outlet. This outlet flows either into an adjacent 
lower compartment, or into a spring which may be from bedrock or through 
the surficial deposits (Fig. 2.6). 
2.5.2 Spring Outlet Morphology 
Springs with confined flow (obvious outlet) are observed where the 
outlet is from a highly permeaLl~ layer such as an extensively fractured 
lava, brecciate lava, or volcanic colluvium (Plate 2.15). 
Diffused springs are those which have their outlet through loess, 
loess colluvium, mixed colluvium, or alluvium, both of which have low 
permeability. As a result, discharge occurs over a large area (eg. 10 m2 
for spring Al in alluvium), and the original spring outlet is difficult 
to detect. These can be located by the presence of special vegetation 
(eg. Rushes or Carex Species), which occur more commonly in wet grounds 
a diffuse spring from loess is shown in Plate 2.16. 
2.5.3 Spring Distribution 
Springs in the area generally occur in clusters, either from the 
same or several lava flows close together, where they overlie imperme-
able layers (ego tuffs). Groundwater outlets can occur where regolith is 
thin over the scarp edge of the lava flow (Table 2.2). 
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tigure 2.7 Springs in alluvial deposits 
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Plate 2.15 Confined spring from volcanic colluvium (G.R 836 185). 
Plate 2.16 Diffuse spring from loess (G.R. 877 208). 
~5 
The bedrock control of the spring configuration decreases at lower 
altitudes, where the main geological control is the permeability contrast 
within the regolith type materials (eg. existence of the C layer fragipan 
within the loess layer). 
2.5.4 Hydrogeological Classification of Springs 
Springs are classified according to the material from which they 
are observed to flow, regardless of their original infiltration medium. 
Springs, their flow magnitudes, and their location are presented in Fig. 
1.6 and 1.7. 
1) Springs in Volcanic Bedrock 
Water storage within the volcanic bedrock is the source of the 
majority of springs in the catchment area (Plates, 2.17 and 2.18). 
Only a small proportion (Figs. 1.6, 1.7) flow from the rock 
itself, as much of the volcanic rock ;s covered by colluvium and other 
regolith deposits. 
2) Springs in Volcanic and Mixed Colluvium 
The largest number of springs in the valley 
colluvium (Plate 2.15) which is highly permeable. 
flow from volcanic 
Springs flowing from 
mixed colluvium are rare, since these deposits are generally located 
below the highly permeable layers of volcanic colluvium. 
3) Springs in Loess and Loess - Colluvium 
Loessial deposits are generally found on low angle slopes below 
volcanic and mixed colluvium, and are therefore remote from the main 
recharge area. As a result, springs are rare and diffuse (Plate 2.16). 
Confined springs are found, however, where tunnel gullying has developed 
(tunnel gullies are a result of subsurface development of "pipe-like" 
tunnels, due to subsurface erosion in loessial soils). 
Water movement in loess is along the low permeability C layer fra-
gipan (if this is developed), or along the loess-volcanic bedrock inter-
face. Springs occur where this interface is exposed or where the loess 
layer is locally eroded (Table 2.2). 
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Plate 2.17 Spring from volcanic rock (G.R. 863 193). 
Plate 2.18 Seepage from volcanic rock (G.R. 860 168). 
4) Springs in Alluvial Deposits 
A few diffuse springs seep from the alluvial materials, marked by 
swampy ground. The proposed model for the occurrence of one of these 
springs (AI on Fig, 1.6) is illustrated in Fig. 2.7. Underground water 
flows above an impermeable layer (eg. ash or tuff), through basal brec-
cia. The water flow exits from volcanic rock through a sandy layer. The 
spring occur where the water table intersects the ground surface. 
2.6 Synthesis 
The geologic framework of the study area consists of volcanic lava 
flows and intrusive rocks, pyroclastic materials, regolith deposits and 
alluvial and coastal sediments. 
Two types of groundwater flow were distinguished within the vol-
canic lava flows. Horizontal water flow is a downward movement due to a 
gentle southward dip of the lava flow (6 -20°). The basal breccias and 
rubbly tops of the lava flows are the main zones of approximate horizon-
tal flow of groundwater. 
Vertical shrinkage cracks are the main cause of vertical flow of 
water. 
The main perching layer within the rock mass is ash and tuff 
(average clast size between 1/256 mm and 2 mm). 
Intrusive rocks (domes and dikes) act mainly as barriers to lat-
eral water flow. Pyroclastic materials (eg. tuff) are generally massive 
and consolidated. 
The composition of volcanic colluvium (poorly sorted volcanic 
fragments with <10% loess), makes it the most suitable medium for water 
flow among regoliths. 
Alluvial and coastal terra'ins in the Kaituna valley floor consist 
of a wedge of sediments resting on the lakeward inclined surface of vol-
canic basement. Alternations of the marine and terrestrial sediments 
within the area are related to transgressions and regressions during the 
Pleistocene. 
Permeability tests of different layers within a 6 m Auger hole 
revealed that the silty layers which cover the top part of the alluvial 
plain have a very low hydraulic conductivity. 
Plate 2.19 Flow of the main stream on volcanic rocks 
(G.R. 900 210). 
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CHAPTER THREE 
GEOPHYSICAL INVESTIGATION 
3.1 Introduction 
Geophysical downhole logging, electrical resistivity, and seismic 
reflection and refraction were used to detect the water bearing potential 
of the valley floor and to delineate the most promising groundwater areas. 
The work comprised geophysical logging of 6 bores, 45 electrical soundings 
( 8 geoelectric sections), 2 seismic reflection and 4 seismic refraction 
lines (Fig. 3.1). 
The aim of the Geophysical Downhole Logging was to record physical 
parameters of valley floor deposits which can be interpreted in terms of 
the hydrogeological characteristics, the boundary of different the hydro-
geological characteristics, and the boundary of different lithological 
units. 
A resistivity survey was undertaken in the Kaituna Valley between 
January 1986 - February 1987 with a view to assessing the applicability of 
the method for obtaining subsurface hydrogeological and lithological infor-
mation. 
The seismic reflection and refraction surveys were undertaken (March 
- April 1987) in the lower part of the valley (Fig. 3.1) with a three major 
objectives: 
1) To investigate the depth to volcanic basement in the survey 
area. 
2) To locate any water bearing zones within the marine and 
terrestrial sedimentary section of the valley. 
3) To assess the applicability of seismic reflection and 
seismic refraction methods in these types of the sediments. 
3.2 Geophysical Logging 
The Caliper, Natural Gamma, Gamma Gamma and Neutron logging tech-
niques were used in the survey (App. 5). Geophysical loggings were made 
in 6 wells, M36/843, M36/734, M36/1344, M36/1437, M36/1421, and M36/727 
(The first three wells with drillers geological logs). The location of 
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the boreholes are shown in Fig. 3.1. 
In summary; 
1) Caliper logs provide a continuous record of hole diameter and 
casing, and are useful for interpretation of other geophysical logs. 
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2) Natural Gamma logs were used to obtain information of lithology 
because the Gamma ray response decreases as the clay content decreases. 
Gravel generally had the lowest level of natural gamma radiation. 
3) Gamma Gamma logs (Density logs) are mainly used for the identifi-
cation of the Bulk Density and locating cavities around the well casing, 
the Count/Second recorded on a Gamma Gamma log increasing with decreasing 
Bulk density. 
4) Neutron Logs provided an indicator as to the amount of fluid and 
hence material porosity of a deposit, high neutron response being related 
to sediments with low apparent porosity (apparent porosity or total poro-
sity includes all the pore spaces in a material, regardless whether they 
are interconnected or not). 
Any observed correlation between the low natural gamma signals and 
the low density or high apparent porosity could be caused by changes in 
hole diameter around the casings. In general the natural gamma emission is 
not related to hole size if a correlation exists between low natural gamma 
and high density, or low apparent porosity. Therefore Natural gamma has 
been the principal radiation log used for the interpretation. 
The logging equipment consisted of three main units, (1) a radia 
tion detector and/or source, (2) signal conditioners, and (3) recorders 
(Plate 3.1). 
3.2.1 Data Processing and Interpretation. 
1) Methods Used 
Data from the field chart records were transferred into the scale 
presented in Figs. 3.2 to 3.7 as a common procedure for data presentation. 
The scale change (depth and/or radiation scale) was made using the Minis-
try of Work and Development digital computer. Digitizing toe coordinates 
of points was made using a four-button cursor connected to the digitizer. 
Data was subsequently calibrated to establish the log response values in 
terms of the count per second (cps) for nuclear logging, and millimetres 
for Caliper logging. 
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Plate 3.1 Recording System for Geophysical Logging 
A - Hecorder 
B - Mechanical Winching Drum. 
C - Gamma Gamma Chart Hecorder. 
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Drillers logs were available for three wells M36/843, M36/734, 
M36/1344. Although these logs were not obtained by standard procedures or 
by geologists, they were used during lithological interpretation to define 
typical geophysical signatures for the sediments throughout the study 
area. Using variation of radiation intensity of each log, and drillers 
logs (where applicable), combined with knowledge of the local geology, 
lithological data was obtained. For each log lithology is divided into a 
number of zones, each representing a different sedimentation environment, 
named according to the dominant grain size. In addition major lenses of 
different materials within each zone were also defined. 
2) Geophysical Log, M36/ 843 
Three zones have been identified in this site (Fig. 3.2): 1) a low 
natural gamma activity between 1.2 - 2.4 m indicating a gravelly zone, 2) 
a zone from 2.4 - 3.2 m with high natural gamma radiation and a lower bulk 
density indicating clay, identified as a confining layer, and; 3) a second 
gravelly zone below 3.2 m which according to the well drillers log is the 
source of water. The sharp decrease in natural Gamma radiation at 3.2 m 
indicates the contact between the confining layer and the underlying 
aquifer, whilst the low bulk density (and high apparent porosity) within 
the first 1.2 m of the gravel layer (3.2 - 4.4 m) indicates the occurrence 
of caving around the well casing. 
3) Geophysical log, M36/ 734 
The downhole logging tool did not reach the bottom of the well (21.3 
m) due to the reduction in hole diameter below 12.5 m. However, the three 
zones recognized at the previous site (M36/843) were still identified in 
the top part of the log (Fig. 3.3). The top thin gravelly zone (1.1-
2.3 m) overlies a zone with high natural gamma response (2.3 - 3.7 m), 
The latter layer being interpreted as a silt and silty clay layer. The 
third zone (3.7 - 8.2 m) shows a sharp increase in apparent bulk density 
and a sharp decrease in apparent porosity, which indicates a gravelly 
layer. This second gravelly layer is underlain (with a sharp contact) by a 
layer which has the maximum natural gamma radiation in the log. This 
being identified as a clayey layer below 8.2 m which is the main confining 
unit for the aquifer at bottom of the well (well drillers log, Fig. 2.5). 
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4) Geophysical Log, M36/ 1344 
The lithological interpretation of this well is identical to the 
wells described previously. The increase in apparent porosity response in 
the thin sandy gravel layer at the top (1.5 - 3.8 m) may be due to an 
increase in hole diameter around the casing. The natural gamma radiation 
shows a sharp increase in the next zone (3.8 - 6.6 m), indicating the 
occurrence of clayey deposits. The natural gamma response gradually 
decreases below a depth of 6.6 m, indicating a transitional zone between 
the clay and the underlying gravelly zone. A more uniform gravel with 
higher apparent bulk density and lower apparent porosity is located at the 
bottom of this zone (13.6 - 15.7 m). Below 15.7 m the natural gamma 
radiation gradually increases, whilst the apparent bulk density gradually 
decreases, indicating the existence of a zone (to 27 m) with a high per-
centage of clay particles, this being identified as the main confining 
layer at the site. Within this clayey zone a unit occurs between 20.2 
- 21.8 m with a very low natural gamma radiation, low neutron count rate 
(high apparent porosity), and a very low apparent density which together 
suggest a peat lens. The confining layer covers deposits with low natural 
gamma radiation, high density and low porosity from 27.2 to 29.8 m (Fig. 
3.4), which is the source of water in this well and an aquifer zone (dril-
lers log, Fig. 2.5). The high neutron cps values with high apparent bulk 
density below 29.8 m is a typical radiation response for basalt. The high 
neutron-log value in these rocks are due to their high content of chemi-
cally-bound water (Rider, 1986). 
5) Geophysical Log, M36/ 1421 
Downhole logging indicates the occurrence of 4 distinct zones of 
fine and coarse sediments at the site (Fig. 3.5). The top thin gravelly 
layer which was identified in all of the previous logs was not detected in 
this well or in the other wells in this part of the valley. High natural 
gamma response indicates the existence of the two clayey zones at depths 
of 1.2 - 10 m and 32.4 - 43 m respectively. There is a very sharp contact 
between the second clayey zone (identified as the main confining layer) 
and its top and bottom gravelly layers (at depth of 32.4 and 43 m respec-
t i ve 1 y) . The top clayey zone (1. 2 - 10m) becomes more silty toward the 
surface (as natural gamma response decreases). A transitional contact 
occurs between this clayey layer and underlying gravelly zone (Fig. 3.5). 
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loW apparent bulk density (gamma gamma) and high apparent porosity (neu-
tron response) may be due to the occurrence of caving around the casing 
between 10 and 20 m in the top part of this gravelly zone (10 - 32.4 m). 
In the top part of the second gravelly zone below 43 m, a thin layer of 
gravel with a higher apparent bulk density and a lower apparent porosity 
was identified between 43 and 44.2 m. This becomes more sandy between the 
depth of 44.2 and 48 m, and the coarse materials below 43 m are inter-
preted as the water source. 
6) Geophysical Log, M36/ 727 
The 4 main zones of the previous site (M36/1421) were clearly iden-
tified at this locality (Fig. 3.6). The natural gamma activity in the top 
clayey zone (1.4 - 19.4 m) indicates a few lenses of silt and sand (Fig 
3.6). The gamma gamma count rate decreases towards the bottom part of 
this zone, while the neutron count rate increases, which could be due to 
higher compaction of the sediment, with a corresponding decrease in appar-
ent porosity. The first gravel layer (19.4 - 32.4 m) shows a sharp contact 
(sharp increase in natural gamma radiation) with the basal confining 
clayey layer (32.4 - 45 m). The bottom gravelly zone below 45 m is iden-
tified by its high natural gamma response, whilst a drop in the apparent 
bulk density toward the base of the log is considered to be due to cavi-
ties filled with water (decrease in the neutron response). 
7) Geophysical Log, M36/ 1437 
The previous zones of coarse and fine sediments are again detected 
in this well (Fig. 3.7) The neutron probe was not able to penetrate below 
a depth of 43.2 m in this well due to casing oxidation. The first clayey 
layer (1.3 - 10 m) overlies a zone of coarse deposits from 10 - 22.4 m. 
The second fine deposit zone (22.4 - 43.2 m), which is considered to be 
the main confining layer, overlies a second gravelly zone between 43.2 and 
67 m. Two main lenses of sand (35.4 - 37.4) and silty sand (39.5 - 41.2 
m) are identified within the confined layer by comparing the natural 
gamma radiations. A decrease in apparent bulk density at two sections (10 
- 12 m and 53.5 - 61.7 m within the gravelly zones is considered to be due 
to an increase in hole diameter around the casing. The gravelly zone con-
tains a major lens of sand from (56.5 to 57.7 m). The gravel between 43.2 
and 67 m was identified as the main aquifer within the depth of the bore. 
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The natural gamma radiation gradually increases after 64 m, suggesting the 
occurrence of a clayey zor.e below 67 m. 
3.2.2 Natural Gamma Log Correlation. 
Correlation of geophysical logs between different holes is useful 
for recognizing lithological continuity and variation, especially in holes 
without reliable geological logs. Only natural gamma log correlations were 
made as this log is less affected by changes in hole diameter and casing 
structure, and is more efficient as a lithologic indicator (White, 1985). 
Plots of all natural gamma logs are produced relative to mean sea level, 
and the natural gamma correlation is shown in Fig. 3.8 ( M36/843, M36/734, 
M36/1344) and Fig. 3.9 {M36/727, M36/1421, M36/1437}. 
The lithologic interpretation and correlation of the all 6 geophysi-
cal logs is shown in Fig. 3.10. 
The three logs from wells 843, 734 and 1344 show a thin gravel zone 
with a low natural gamma count rate (17 to 20.5 c/sec) close to the sur-
face. This zone is underlain by a fine layer with a radiation intensity 
of 22 to 26 count/sec in each of the wells. 
The natural gamma count rate in the third (gravelly) zone ranges 
between 16.5 and 20 c/sec, and appears to be more uniform in well M36/843. 
This zone is underlain by a clayey zone with a higher natural gamma count 
rate (21 to 28 c/sec) in wells M36/743 and M36/1344. This clayey layer 
was not detected in well M36/843, and the basal gravel (water source) in I 
this well (M36/843) is confined by the top clay layer (2.4 - 3.2 m). 
The thin, top gravelly layer does not appear in the three adjacent 
wells at the bottom of the valley (M36/1421, M36/727, M36/1437). The four 
common zones are identical in all three logs. The increased natural gamma 
count rate in these logs, compared to logs from the previous group, which 
were located at higher elevations, is considered to be due to an increase 
in the clay component. The first clayey zone, with a higher count rate (35 
to 41 c/sec), is thicker and less uniform in well 727 in the centre of the 
valley. In the three logs, this layer overlies a gravelly zone {22 to 28 
count/sec.}. This gravelly zone does not appear to be an aquifer as the 
wells were drilled specifically to find water (and it is unlikely that all 
drilling would have passed the base of this gravel zone if it was an 
aquifer). The main confining layer for these three wells has a natural 
gamma response between 33.3 and 42.5 count/sec. It overlies a gravelly 
Zone with a natural gamma intensity of 21 to 34 count/ sec which appears 
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to be the main source of water in these wells (Fig. 3.10). 
3.3 £lectrical Resistivity Survey 
3.3.1 Field Techniques and Equipment 
The survey consisted of 42 Schlumberger and 3 Wenner electrical 
soundings at locations indicated in Fig. 3.1. A very brief simplified 
description of these method is given in App 6.2 and in most textbooks on 
geophysical prospecting (ego Telford et al 1970, Dobrin 1981). 
The equipment used in the survey consists of an ABEM DC Terrameter, 
and terrameter SAS 300 with its Booster (Terrameter SAS 2000), Premeasured 
single conductor sounding cables and Multicore cable ( BGS - 256). Speci-
fications of the Terrameters are presented in App. 6.1. 
3.3.2 Sounding Sites and Data Processing 
Sounding sites were chosen so as to: 
a) give measurement at as even intervals along the profile lines as 
practicable, while keeping the sounding centre away from fences and rough 
or clearly variable surface conditions; and b) keep all electrodes at 
about the same elevation throughout a sounding. 
The soundings were made parallel to the valley sides in an attempt 
to ensure homogeneity of material between the electrodes. 
The apparent resistivities for each sounding were plotted on Stan-
dard 62.5 mm log-log graphs. Each of these sounding curves was then inter-
preted as horizontal layers, assuming each layer is electrically uniform 
with horizontal plane boundaries. The graph of the field soundings 
(App. 6.3) was matched against a theoretical graph which had been computed 
for particular layer resistivities. If a match is obtained between the 
various segments of the observed curves and the segments of the published 
curves, then the subsurface structure can be assumed to be identical with 
the theoretical structure. A set of theoretical curves is shown in App. 
6.4 for a "two layerll structure, and a summary of steps for this stage of 
interpretation is described in App. 6.5. 
The layer resistivities and their boundary depths (App. 6.3) were 
used as data for a computer programme which modified the models so that 
apparent resistivities would be more consistent with those observed. The 
input models and with the modified models, are shown in App. 6.7. The 
programme used is based on one published by Merrick (1977), modified by H M 
Bibby (D.S.I.R) and R Atkins and P White (M.W.D). Some details of the 
program are given in an unpublished report by White (1985). 
3.3.3 Resistivity Interpretation. 
The theory upon which the computation of the resistivity depths is 
based assumes uniform, parallel boundary planes between zones. This con-
dition is rarely observed in reality, therefore the depth determined is an 
average depth over an area of the boundary between zones of different 
resistivity. Further differences between the geoelectric profiles and the 
geologic section are due to electric boundaries which separate layers of 
different resistivities not necessarily coinciding with boundaries separ-
ating layers of different lithologic composition. For example, when the 
salinity of ground water in a given type of sediment varies with depth, 
several geoelectric layers may be distinguished within the same lithologic 
unit. In contrast, units from different lithologies may have the same 
resistivity and therefore form a single geoelectric layer. In general the 
resistivity decreases with increasing porosity and with increasing water 
salinity. Clay saturated with water will be surrounded by a film of par-
tially mobile ions which will migrate under a potential gradient. This 
migration adds to the normal migration of ions in the fluid, causing a 
reduction in resistivity of the clay deposits (Davis & Dewiest 1967). The 
resistivity is higher in the coarser sediments (sands and gravels) which 
contain water with a low salinity. Within these coarse sediments resisti-
vity i ncr'eases with i ncreas i ng permeabil ity, and hence decreases with 
increasing clay content. 
Geological logs (well drillers logs) were used (where possible) for 
better lithological controls during resistivity interpretation. 
1) Formation Factor 
Formation Factors are ratios of the resistivity of a sediment con-
taining watereR) to the resistivity of the interstitial water by itself 
(R2)' The resistivity of the interstitial water is controlled by its ion 
content and temperature. The higher the ion content and temperature of the 
interstitial water, the lower the resistivity (Dawson & Thompson 1981). 
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The formation Factor was measured for a more accurate interpretation of 
the resistivity data. 
Saturated silt samples {at site KC7 and KD4, Fig. 3 .i} and water 
from the wells with known lithological information (M36/843 M36/734 
M36/843) were analysed to define the formation factors. 
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The resistivity of the interstital water was obtained using water 
conductivity values measured in the laboratory by the Ministry of Worksand 
Development and North Canterbury Catchment Board; 
Resistivity (ohm.m at 25°) = 1000 xl/conductivity (mS/m at 25°) 
Average water tempretaure in the field was 15°~ The following 
equation was therefore used to convert the resistivity value to 
its equivalent in the field; 
22.0 + t1 
= ----------22.0 + t2 
where 
R2 = Resistivity at 15° R1 = Resistivity at 25° 
t2 = Field temperature (15°) 
t1 = Laboratory temperature (25°) 
The formation factors and the resistivity results are summarized in 
Table 3.1. 
:;it~----'s~moi~-6~Pth-f-R;-(~t-i5;)---R--F~rm;ti~~-f~~t~r--: 
I em). (onm.m) lohm.ml 
IKC7 , 4 ' 5 I 11.41 2.3 (C) I 
IKD4 I 2 '22.7 1 48 . 51 2.1 ICI , IM36/.843 , 8.8 I 41.40 204 1 4.9 G I 
IM36Z734 , 21.3 I 23.4 .73.81 3.15 G I IM36/1344, 30 I 17.7 1 77 1 4.35 G I 
---------------------------~---------------------------------Table 3.1 Resistivities of water an4 FormatiQn Factor (C, for silty 
clay and G, for volcanlC colluvlum and gravel) at dlf~ ferent locatl0ns 
The gravel layer above the basement in well M36/734 and M36/1344 
(drillers log and downhole logging) was not distinguished by the resisti-
. vity survey. This is assumed to be due to the lack of sufficient resisti-
vity contrast between the two, and also the small relative thickness of 
the gravel. Therefore the gravel resistivity (R) is assumed to be the 
same as the resistivity identified for volcanic rock at these two sites. 
Results indicate that although the resistivity of the material varies in 
each locality the formation factor for each lithological unit remains sim-
ilar. The Formation Factor for gravels is higher (3.15 - 4.9) than silty 
clay (2.1 - 2.3). 
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3.3.4 Hycir0geological Interpretation of the Deduced Resistivities 
By using the computer model of the Resistivity layers and their 
related boundary depth from 42 electrical soundings, seven geoelectric 
sections across the valley have been interpreted (Figs. 3.11 and 3.12). 
In the present study the resistivity of the thin «1 m thick) top 
soil is excluded from the geoelectric sections and the discussion. 
The resistivity of volcanic rock can vary considerable depending 
upon the extent of the weathering and fracturing. Using the experimental 
soundings from KVl, and KV2, the resistivity of dry and solid volcanic 
lava flow was found to be within the range 150 - 250 ohm.m (App. 6.3). 
The saturated and more weathered lava below a depth of 30 metres (Well 
1344 with the lithological log) was found to have a lower resistivity, 70 
ohm.m (soundings KC4). 
Geoelectric section AA'indicates the occurrence of a gravel layer 
with an average resistivity of 309 ohm.m. The boundary of this layer is 
in close agreement with the lithological data obtained from the geological 
log of well 843 (Fig. 3.2) This layer is overlain by a silty clays with 
lower average resistivity of 65 ohm.m, whilst the volcanic basement 
underlying the gravel has a resistivity lying between 42 and 92 ohm.m. At 
this location the volcanic boundary is deepest at sounding site KBO (Fig. 
3.1) with a gravel layer (18 m) overlying the volcanics (Fig. 3.11). The 
thickness of this gravel decreases downstream while the thickness of 
silty clay overlying the gravels shows an increase in thickness (Geoelec-
tric sec~ions BB' CC'). The gravel-volcanic boundary depth at sounding 
KCl (section BB') and KB2 (section CC') suggests the existence of an old 
river channel (Fig. 3.11). The gravel layer in section DO' (sounding KC3) 
with resistivity of 184 ohm.m occurs immediately below the silt and silty 
clay layer, and the well drillers log and downhole logging (well 734) also 
indicates the occurrence of this thin gravel at this site. 
The marine clay with a very low resistivity (25.8 - 9.7 ohm.m) was 
distinguished ongeoelectric sections DO', EE' ,FF' (Figs 3.11 and 3.12) 
where the resistivity contrast was sufficient. The first evidence of 
marine clays with a low resistivity (14 ohm.m) is in section DO'. This 
interpretation was made by comparing the geoelectric section DD'and the 
lithological log of the well 734, 100 m south of sounding KD3. The pres-
ence of marine clay is better established at the section EE' using litho-
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logical data from the well 1344. A thin gravel layer within the marine 
sediment (Lithological log 1344, close to the sounding KC4) is not identi-
fied in geoelectric section EE. This is considered to be due to its small 
relative thickness. 
As a result of an increase in conductivity of the water in the top 
silty clay and (Table 3.1) toward the Lake Ellesmere, the top silty clay 
in sections FF', GG', HH', shows a very low resistivity (between 9.3 and 
23.8 ohm m depending on the degree of saturation. However, the calculated 
formation factor indicates the similarity of this layer (from a lithologi-
cal point of view) with the top silt and silty clay in the upstream geoel-
ectric sections {Table 3.1}. 
Below the silty clay according to the downhole logging there are a 
several zones of clay and gravel (Fig. 3.10). These are identified as a 
single layer with resistivity of 22.4 - 46.4 ohm.m in sections FF', GG', 
HH'. This is considered to be due to; 
I} the occurrence of "dirty" gravel (gravel mixed with clay), and 2) 
an increase in water conductivity. 
A "dirty" gravel will show lower resistivity due to the higher free 
ion content caused by the intermixed clays, hence the intercalating layer 
of clay and gravel could not be determined because of their lack of resis-
tivity contrast. In addition interstitial water in these sections in the 
top silty layer shows a very low resistivity (5 ohm.m at site KD7) com-
pared with the resistivity of water in the same layer upper part of the 
valley (22.7 ohm.m at site Kd7). This also results in masking of the 
gravelly layers. 
Resistivity variation at the bottom of geoelectric sections FF' ,GG' 
HH'is high (with a maximum of 608 ohm.m at site KD5 and a minimum of 
32.4, site KA7), The erratic nature of.resistivity horizon indicates an 
occurrence of a gravelly layer rather than volcanic basement. It is 
interpretated that the volcanic basement is masked by this gravelly layer 
and therefore was not detected. 
3.4 Seismic Refraction and Reflection Surveys 
3.4.1 Seismic Technigues and Eguipment 
Both reflection and refraction techniques were used. A brief and 
simplified description of these two techniques and the survey configura-
tion used is given in App. 7.1 and 7.2. 
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The seismic data was collected using Geophysics Division's Sercel 
SN338 - HR 48 channel recording system mounted in a truck. Two minisosie 
road tampers (Plate 3.2) and explosive charges (Plate 3.3) were used as 
energy sources for the reflection and refraction surveys respectively. 
The technical specification of the main recording system is given in App. 
7.4. The location of all seismic reflection and refraction lines is shown 
in Fig. 3.1 and 1.6. 
1) Seismic Reduction Method 
For seismic reflection the data were initially recorded on magnetic 
tape and later reduced in the Geophysics Division seismic processing 
centre. Software and· a Vax 11/750 computer were used in the centre to 
produce the seismic sections shown in Figs. 3.13 and 3.14. The main 
objectives of the processing were; 
1) to eliminate or at least suppress all noise (all signals not 
associated with primary reflections). 
2) to obtain the greatest possible resolution for the reflection. 
In seismic refraction survey the refraction signals stored on digi-
tal tape were interpreted usingthe"plus-minus method" (Hagedoorn, 1959), 
the "delay time method" (Barry, 1967) (by D.S.I.R and author). 
3.4.2 Seismic Reflection Surveys 
1) Data Interpretation 
In seismic reflection surveys each reflection package shows a combi-
nation of physical characteristics that distinguish it from adjacent seis-
mic facies. The seismic facies unit is interpreted to express certain 
lithology, stratification, and depositional features of the deposits that 
generate the reflections in the unit (Brown, 1984). The Seismic facies 
were distinguished by; (1) reflection configuration, (2) reflection conti-
nuity, (3) reflection amplitude, (4) reflection termination or lateral 
change, and (5) Interval velocity. 
1) Reflection configuration is controlled by bedding patterns which are 
related to depositional processes, original depositional topography, and 
erosion. 
2) Reflection continuity depends on the continuity of the density-
velocity contrast along the unit surface(s). 
Plate 3.2 Minisosie used fcc Seismic Reflection Survey. 
Pneumatic hammer vibrates a plate coupled with 
the ground in a non-controlled random sequence. 
The signature of the random source energy is 
recQrded by a sensor and transmitted to the 
recording station. 
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3} Reflection amplitude is controlled by the degree of velocity-
density contrast along unit surfaces. 
4} reflection termination or lateral change is controlled by lateral 
change and termination of the seismic facies. 
5} Interval velocity is a critical factor in seismic data processing 
and provides information on lithology and composition of subsurface 
layers. it represents the uniform velocity within a homogeneous geological 
unit or the average velocity over a depth interval containing more than 
one unit. If two reflectors at depth z1 and z2 give reflections with 
one-way time of t1 and t2 the interval velocity Vint between z1 and z2 is 
defined as (z2 z1}/(t2 t1)' Interval velocities are presented in 
App. 7.5. for each reflection layer (Figs. 3.13 and 3.14). 
Except for interval velocity, these factor were evaluated visually 
on the seismic reflection records. 
2) Basement Interpretation 
The volcanic bedrock surface is interpretated as a reflector with 
variable amplitude and continuity. The discontinuous nature of this 
reflector is mainly due to the presence of basal breccia and rubble top 
which scatters the seismic energy. 
Line CC'(Fig. 3.15) shows volcanic basement dipping toward the east 
and flattening out dfter 450 m. The maximum depth to the volcanic base-
ment is 175 m (Reduced Level, RL -170.2 m) at a distance of 457.5 m (Fig. 
3.15·). At a distance of 737.5 m the basement slopes upwards to form the 
eastern valley wall. 
Line BB/(Fig. 3.15) has a similar basement configuration except that 
the dip towards the east is more gentle and uniform than in line CC / • The 
maximum depth to the basement is 165 m (RL -160 m) at a distance of 367 m. 
It slopes steeply to the west at distance of 388 m. 
The volcanic bedrock has a weak reflectivity and amplitude (Figs 
3.13 and 3.14. but some intra-bas.ement reflectors have been resolved for 
both sections. These reflectors could represent surfaces of weathered and 
permeable basal breccia. 
3) Depositional Sequence Interpretation 
Geologic interpretation of the seismic facies indicates the 
existence of two distinct depositional environments. 
1) Variable amplitude/Low continuity reflection response 
2) High amplitude/high continuity reflection response 
The former reflections commonly occur in response to alluvial plain 
facies from high-energy (rapidly degrading) fluvial channels and meander-
belts (Brown 1984). On both lines these facies are interpreted as 
being deposited directly on basement. They occur at a depth of 100 m (RL 
-95.2 m) to 175 m (RL -170.2 m) on line CC ' and from 100 m (RL -95 m) to 
165 m (RL -160 m) on line BB/(Fig. 3.15). The average interval velocity 
of layers is 2700 m/sec, indicating that coarser particles (gravels & 
sands) are more dominant. Discontinuous reflectors and their patterns and 
the general trend of the interval velocities (App. 7.5) indicate an occur-
rence of a old river channels interfingering with finer deposits (Fig 
3.15) 
The later reflections are more common in tectonically stable deposi-
tional setting (Brown 1984). Intercalating of marine and terrestrial 
deposits is the main cause of the impedance contrasts in these reflectors. 
The first major reflector is located at a depth of 20 to 40 m (RL -15.2 to 
-35.2 for line CC ' and RL -15 m to -35 m for line BB / , Fig. 3.15). The 
interval velocity for this unit is between 1733 and 1913 m/sec (App. 7.5) 
on the line CC/and between 1368 and 2066 m/sec on the line BB'. These 
velocities and downhole logging data from the wells in this part of the 
valley were used to interpret this layer as a clay unit that is the main 
confining layer (Fig. 3.15). This overlies a higher interval velocity 
unit which ranges between 2100 and 2421 m/sec on line CC ' and between 2148 
and 2933 m/sec on line BB/(App. 7.5). The high interval velocities and 
downhole logging indicate the occurrence of gravels which is assumed to be 
an aquifer. The maximum thickness of this layer is 50 m (at a distance of 
242.5 m on line CC/) and 44 m (at distance of 175 m on line BB / ). Within 
this zone the pattern and continuity of the reflectors was used to locate 
river channels (Fig. 3.15). Although these channels are considered to 
have the capacity to transmit greater volumes of water but they are inter-
preted as a part of the whole aquifer layer. 
In most clastic formation the velocity increases continuously with 
depth because of different compaction effect (Dobrin, 1981) Therefore the 
high amplitude reflector below the gravel layer is considered to be a clay 
layer although its interval velocity is higher (average of 2500 m/sec) 
than that of the clay layer closer to the surface. This interpretation is 
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also supported by the increase in natural gamma response below the same 
gravel layer. 
Erosional unconformities were identified from the divergent pattern 
of reflections and their lack of the lateral persistence on both seismic 
sections (Fig. 3.15). 
3.4.3 Seismic Refraction Surveys. 
The interpreted refraction sections (AA', BB', CC'and the velocity 
spreads) are shown in App. 7.6. 
1) Velocity Spread Line(vv"} 
Velocity Spreads were made to determine the velocity of the volcanic 
basement. The arrival times show the seismic P-wave refractor velocity is 
about 3900 m/sec for the volcanic basement. This is in good agreement 
with the refraction velocity (3000 to 4000 m/sec) found by Broadbent and 
Haines, (1976) for Akaroa Volcanics at Birdlings Flat (GR M37 871 92). 
2) Line AA' 
Line AA'is 350 m long and only four shots were fired, with no off-
set shots. As a result the volcanic bedrock velocity was not detected. 
A velocity of 200 m/sec was interpreted as an unsaturated silty clay 
layer with a thickness of 1-2 m. The next unit, with an average velocity 
of 1700 m/sec, is underlain by a layer with a higher average velocity 
(2100 m/sec). At the ends of the 2100 m/sec layer, a higher velocity of 
3000 m/sec was calculated. However these higher velocities are based on 
one-way measurements at two ends of the profile, and the lack of overlap 
means no calculation of the true velocity was possible. The 3000 m/sec 
velocity is due to a 4 degree updip component at each end of the line 
(Fig. 3.15). 
3) Li ne BB 
The silty clay at top is thicker than the other two profiles with a 
higher seismic velocity (400 m/sec). There are two wedge-shaped layers one 
with a velocities of 600 m/sec interpreted as unsaturated loess colluvium 
(using auger hole) under the rising ground to the SE (Fig. 3.15) and one 
A 
B 
Plate 3.3 preparing Seismic Refraction Shot Point 
(using Gelignite). 
A - Shot Hole (average depth 1 m). 
B - Placing Gelegnite. 
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with a velocity of 1000 m/sec near the river, interpreted as silty clay 
above the watertable (Fig. 3.15). 
, Below the watertable two layers with the velocities of 1600 m/sec 
(saturated silt and silty clay) and 2000 m/sec (gravels) are interpreted. 
The layer with velocity of 2000 m/sec is underlain by a layer with a 
,higher velocity (2800 m/sec) but it was not possible to determine the 
boundary accurately. 
The velocity of the basement on this line is about 3900 m/sec. 
which is consistent with the basement velocity recorded by the velocity 
spread line. The interpreted basement boundary is slightly domed and is 
located at depth of about 150 m (RL -145 m}near the centre of the line 
(Fig. 3.23). 
4} Line CC' 
Line CC' (the southern most seismic section across the valley) shows 
the first surface layer having a velocity averaging about 1000 m/sec, 
indicating the presence of an silty clay. This layer ;s slightly thinner 
(2 - 3 m) here than in line BB' and has a lower velocity (100 m/sec ) when 
compared with the section BB'. It is underlain by a saturated silty clay 
layer with a depth that correlates with the watertable (3 to 5 m in this 
section) with an average velocity of 1600 m/sec (ranging 
m/sec). The next velocity zone (2800 m/sec) indicates 
the gravelly layer below a depth of 60 m (RL -55.2 m). 
from 800 to 1900 
the occurrence of 
Depth determina-
tion of this layer was not clear, partly due to the variable velocity in 
the overlying layer and partly due to lack of sufficient offset of the 
shots from the end of the geophone line. The presence of the gravelly 
layer is not identified in the first 130 m of the section, and for the 
next 80 m its presence is not certain. 
Volcanic basement velocity measured in this line (3900 m/sec) agrees 
with the velocity of the basements found in the velocity spread line. It 
is level under the centre of the section (Fig. 3.15). bedrock with a 
velocity of 3900 m/sec being identified. The top of the volcanic 
basements is approximately flat under the centre of the section (Fig. 
3.15). 
3.4.4 Comparison of Reflection and Refraction surveys. 
The two seismic methods (reflection and refraction)were in good 
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agreement about the depth of basement, with maximum depths of 160 m 175 
m. The reflection survey indicates a maximum depth of 175 m for line 
CC,'while the refraction survey shows a depth of 160 m to bedrock. Layer 
boundary figures for the refraction survey should be considered with more 
caution since the narrow valley floor prevented the use of wide offset 
shots across the valley, which would have allowed a more detailed inter-
pretation of the basement and the sediments above. Both surveys indicate 
volcanic basement dips steeply down the flanks of the valley and is flat 
in the middle. 
The occurrence of coarser deposits nearer the basement was proved by 
both techniques. The seismic reflection method proved to be the more 
useful because it provides more detailed information as to the 
sedimentation environment and lithology of the overburden deposits. The 
configuration of the confining layer and the gravelly layer underneath 
(gravel), were only distinguished by the reflection survey. 
The refraction survey provided a more detailed picture of the thick-
ness and the velocities of the near-surface silt and silt and silty clay. 
In general the seismic reflection survey is to be highly recommended 
for investigations of valley floor sediments and water bearing potential 
zones in similar valleys. 
3.5 Aquifer MDdeling 
Two main aquifer zone have been identified. 
3.5.1 Lower Aquifer 
The Lower Aquifer overlies volcanic basement and consists of gravel 
and volcanic colluvium which is confined by marine clay deposits. 
Geophysical Investigations employed in this study have identified 
, 
the most suitable areas in which to conduct any future drilling phase of 
the groundwater exploration within Kaituna Valley. 
Its thickness depends on volcanic bedrock topography, being greatest 
in the old river channels (15 m at electrical sounding site KB2 and 60 m 
at, 463 m along seismic line CC') and thinnest thickness at the edge of 
the channels, typically not more than 2 m thickness. From resistivity 
results geoelectric section AA' BB' CC' and seismic data it has been 
, " 
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assumed that the maximum thickness of water bearing gravel will be found 
over the deepest parts of the volcanic basement. Contours of depth to 
basement below ground 1 eve 1 (us i ng geo log i ca 1 and geophys i cal data) are 
shown in (Fig. 3.16). Seismic data defines the thickness of the base 
gravel in the lowe.r part of the valley. In the upper part of the valley 
depth contours were derived mainly from resistivity surveys which proved 
to be in good agreement with available geological and geophysical data. 
3.5.2 Upper Aguifer 
The upper aquifer lies within the valley floor deposits. The bound-
ary of this gravelly layer is identified by downhole logging and seismic 
reflection survey. It is confined at the top by marine clay deposits 
(with 20 to 43 m thickness) and overlies the fine sediments. The aquifer 
occurs in the lower part of the valley with an average thickness of 24 m 
(Fig 3.15). 
3.6 Synthesis 
Correlation of geophysical logs between different holes was useful 
for recognizing lithological continuity and variation. The increased nat-
ural gamma count rate in logs (M36/1437, M36/1421, and M36,727), compared 
to logs that are located at higher elevation was considered to be due to 
an increase in clay component. The natural gamma activity for the water 
bearing gravel in wells M36/843, and M36/1344 was about 16 c/sec whereas 
in wells at the bottom of the valley was ranged between 20 to 35 c/sec. 
The result obtained from the resistivity surveys indicates that the 
method is useful for the detection and delineation where the relative 
thickness is sufficient, of the near-surface gravelly zone (eg. section 
AA'). This technique also was successful for the outlining of the courses 
of buried channels above the volcanic rock where the depth to the bed rock 
is less than 40 m. Results was also quite satisfactory below 40 m depth 
for locating the basement which underlies the lowest aquifer system in the 
area. 
The two seismic methods (reflection and refraction)were in good 
agreement about the depth of basement, with maximum depths of 160 m 175 
m. The reflection survey indicates a maximum depth of 175 m for line 
CC,'while the refraction survey shows a depth of 160 m to bedrock. The two 
methods were in good agreement about the depth of basement, with maximum 
, .> 
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depths of 160 m 175 m. The seismic reflection method proved to be of more 
use because it provide more detailed information on the sedimentation 
environment and lithology of the overburden deposits. 
Two main aquifer zone have been identified by the geophysical inves-
tigation. The Lower Aquifer overlies volcanic basement and consists of 
gravel and volcanic colluvium which is confined by a marine clay deposits. 
The upper aquifer lies within the valley floor deposits. The boundary of 
It is confined at the top by marine clay deposits. Its thickness is about 
24 m and occur in the lower part of the valley. 
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CHAPTER FOUR 
SURFACE HYDROLOGY 
4.1 Introduction and objectives 
Information on surface hydrology is an important part of the 
geohydrology of the Kaituna catchment. Besides providing basic 
descr·iptive information, such documentation has been used to identify 
possible interactions between the surface and subsurface hydrological 
systems. 
The monitored catchment covers an area of 38 km2 (Fig. 4.1). and is 
oriented in a NE - SW direction. The head waters of most tributaries are 
located at the north and north east side of the valley (Fig. 4.1), where 
the catchment boundary has a higher elevation (Mt Bradley, 855 m and Mt 
Herbert 920 m). 
The width of the catchment increases upstream, with tributary 
divergence occurring at low elevation (Okana stream) and continuing into 
the head water region. Thercatchment geometry is therefore classified as 
an equilibrium/concave-convex basin with a dendritic drainage pattern 
(Bannister, 1982). 
The head waters of all the tributary streams are springs originating 
from volcanic and colluvial deposits (Figs, 1.6 and 1.7). The catchment 
geology and vegetation has been outlined in chapter 1. 
In order to identify and describe the surface water resources of the 
catchment the following investigation program was undertaken. 
1) Precipitation and evaporation monitoring. 
2) Water flow analysis of the main river and major tributary streams 
in the investigation area. 
Stream flow data has been obtained for three reasons: 
a) continuous data was required for a general description of the 
flow rate characteristi~J, and analysis of extreme low and high 
flows in the Kaituna catchment; 
b) estimates of stream flow were required for an analysis of water 
balance components in the catchment; and 
c) to permit detection of any possible interaction between ground-
water and stream flow. 
." 
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4.2 Precipitation 
Precipitation monitoring is the main element of all hydrogeciogical 
studies. 
4.2.1 Raingauge Sites and Installation 
Rainfall monitoring was ccnducted using three existing raingauges 
(Fig. 4.1, stations 1, 2, 3). These three gauges were not spaced evenly 
throughout the valley, therefore a fourth rain gauge was installed in the 
middle of the valley (station 4). The main factor in choosing a rai~~auge 
site is the exposure effect; i.e. no obstruction should be closer to the 
raingauge than twice (preferably four times) the height of the 
obstructions. Obstructions, for example trees, either prevent water from 
entering, or add water to the raingauge. 
Four funnel type (nonrecording) raingauges, which consist of a 
circular standard cylinder 20.3 cm in diameter (which serves as an 
overflow can), and a funnel-shaped receiver of the same diameter, were 
used to measure rainfall. Raingauges were installed so as to project 30 
cm above the ground to avoid the effect of wind, which may produce 
turbulent eddies preventing water from entering the gauge, and to have 
sufficient height to avoid splash effects. Evaporation in the measuring 
tube might occur, but it is not possible to avoid this and the amount of 
is negligible in total precipitation values. 
4.2.2 Data Collection and Rainfall Pattern 
Rain data for each site was collected by the author and local farm 
owners on a daily basis (9 am) for a 12 month period (June 1986 -May 
1987). Rainfall data is presented in App. 8.1, and comparison of rainfall 
at all four raingauge sites is presented in Fig. 4.2. The data suggests 
a relationship with height above sea-level ; rainfall increasing with 
increase in elevation. This is because areas of high elevation area are 
more exposed to southwesterly airstreams. For the same reason seasonal 
rainfall variation is more pronounced at higher elevations (Fig. 4.2). 
The maximum monthly mean recorded rainfall is 442 mm at 
station 1 for August, 1986 (Fig. 4.2) and the minimum is 8.9 mm at station 
4 in January, 1987. 
Fig 4.3, and it 
The percentage of rainfall for each month is shown in 
is apparent that 19.6% of the total rainfall monitored 
Rainfall CoMparision 
[] Station 1 + St"tion <: Q Station 3 A Slation <1 
Figure 4.2 Rainfall Comparison For Monitored Water Year 
Rainfall Data :June 86 - May 87 
Pie Cha~t (Station 1) 
June 36 (8.G'/,) 
Jul y <11. 4'/,) 
86 
Aug (19.6:--:) 
86 
-
Oc t (9. 3'/,) 
86 
Figure 4.3 Rainfall Data: June 1986-May 1987 (Station 1) 
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(June 1986 to May 1987) occurred in August 1986. 
!.2.3 Areal Precipitation Analysis 
1) Analytical Techniques 
For hydrological analysis, it is important to know the areal 
distribution of precipitation (Viessman et al 1977), and three methods are 
. commonly used to assess this. The most direct approach is to use the 
arithmetic average of gauged quantities, however this technique is 
satisfactory only when gauges are uniformly distributed and the topography 
is flat. In the Thiessen method, the area is subdivided into polygonal 
subareas using raingauges as centers. The subareas are then weighted and 
used in estimating the average depth of the watershed. However the 
Thiessen method is not suitable for mountainous areas because of 
orographic influences (Viessman et al 1977). The most suitable technique 
for areal precipitation analysis in Kaituna Valley therefore is considered 
to be the Isohyetal method. 
2) Isohyetal Method 
The Isohetal method can be used for any area (flat or mountainous) 
to compute areal rainfall values. The annual mean rainfall for each sta-
tion is plotted on Fig. 4.4, interpolation between gauges has been per-
formed, and rainfall amounts at selected increments identified. Identical 
depths from each interpolation are then connected to form isohyets-lines 
of equal rainfall depth (Fig. 4.4). The isohyetal pattern was determined 
from data collected in this study, and from raingauge data compiled (from 
a period 1950 to 1985) by Jayet (1986) which covered the catchment and 
surrounding area. This was undertaken in order to produce a more realis-
tic representation of isohyet patterns in relation to regional topography 
and adjacent raingauge sites. The area between adjacent isohyets was 
determined with a planimeter, the equivalent uniform depth of precipation 
between isohyets is assumed to be equal to the median value of the two 
isohyets (App. 8.2). The resultant isohyet map is given in Fig. 4.4. 
3) Annual Rainfall 
The average annual precipation depth within the catchment monitoring 
.' 
i , 
+ N 
l------~· ______ ~I 
1000 m 0 1000 m 
Figure 4.4 Isohyets Contour and Mean Annual Rainfall for each 
Station (June 86- May 87) 
«Rainfall in mm» 
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area has been computed at 1900 mm (as a result of isohyet interpretation), 
which means 722 x 105 m3 of rainfall over the monitored catchment area (38 
km2) during the water year (June 1986 - May 1987). 
4.3 Evaporation 
Evaporation is a critical consideration when evaluating the 
potential for water resource development, and in water supply studies. 
4.3.1 Evaporimeter Installation 
A raised pan evaporimeter, identical with the U.S Weather Bureau 
class A pan evaporimeter, was used. The pan is a cylindrical tank of 
120.65 cm inside diameter, and 25.4 cm inside depth set on wooden timber 
supports (100 mm 50 mm), so that the bottom was about 15 cm above the 
ground. The top of the stand was leveled and anchored by soil fill. A 
summary of the main parts of the evaporimeter is given in App. 8.3. 
The raised pan evaporimeter was installed adjacent to raingauge 
station 4, close to the Okana stream (Fig 4.1). The site was chosen 
because it was flat, turfed, free from obstructions such as trees, shrubs 
and buildings,) and close to a water source (Okana stream). Availability 
of water to bring the level up to,the fixed point after each measurement 
(App. 8.3) was an important factor in choosing the evaporation site. 
4.3.2 Data Collection and AnalysiS 
The quantity of water required to restore the water surface in the 
pan to a fixed level was measured by the author and a local farmer every 
day at 9 am, and the operation technique is presented in App. 8.3. The 
evaporation pan (Plate 4.1) became available in September 1986, and data 
collection was initiated from 27/9/1986. As the water year for this study 
started in June, correlation was made between data at Kaituna and the data 
from Lincoln college evaporation station. This provided a continuous 
evaporation record for the catchment (App. 8.4) over the study period. 
The correlation factor was in a ~atisfactory range (0.86), and therefore a 
regression equation was used to complete data for the Kaituna site for the 
water year (June 1986 - May 1987). The computed regression equation was; 
88 
Plate 4.1 Evaporation Pan. (G.R. 847 173). 
Plate 4.2 Stage Gauging Site. (G.R. 844 165). 
Cl = 0.307 + 0.931 C2 
where: 
Cl = Evaporation at Kaituoa station C2 = Evaporation at Lincoln station. 
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Actual open water evaporation is less than measured evaporation by a 
specific factor, and a value of 0.69 was given as the reduction factor to 
be used for estimating actual reservoir evaporation (Finkelstein 1973). 
Seasonal variation in evaporation (actual evaporation) is shown in 
Figure 4.5. Minimum monthly evaporation during July and August 1986 {wet 
conditions} was 23.4 and 23.5 mm respectively, and maximum monthly 
evaporation was '164 mm during January 1987. The annual evaporation {June 
1986 - May 1987} for the Kaituna Valley was 860 mm. The surface area of 
the monitored catchment is 38 Km2, therefore, assuming an areally uniform 
evaporation rate, approximately 326.8 x 105 m3 of water evaporated from 
the monitored catchment during the water year. 
4.4 Stream Flow 
4.4.1 Stream Gauging Sites 
In choosing the best site for stream gauging the following criteria 
were considered. 
I} location the gauge in as uniform a reach as possible, and away 
from obstructions in the channel (e g. bridge, large boulders), to ensure 
that the velocity vectors are parallel. 
2) avoidance of back water from downstream (due to tidal effects). 
3) availability of a well-defined stream cross section where good 
discharge measurements could be made. 
4) a uniform streambed to avoid continually changing stage-discharge 
relations due to changes in the vertical velocity component. 
On the basis of these criteria, five stage-discharge stations were 
located within the monitored catchment (Fig. 4.1). 
4.4.2 Stage and Discharge Monitoring. 
The stage of stream is the height of water above an established 
datum planv (usually mean sea level). Gauge data was collected using an 
automatic stage recorder (3 m range Foxboro pressure bulb water level 
recorder) (Plate 4.2), at the gauging site located on the main stream 
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(Figs, 4.1 and 1.6). A Staff was used as an outside reference gauge for 
calibration of the stage recorder. The recorder supplied a continuous 
trace of the water stage with respect to time. 
The monthly mean stage value for the water year (June 1986 - May 1987) 
indicates that the stage pattern is similar to the rainfall pattern. The 
result is presented in App. 9.1. 
Discharge monitoring requires the determination of the cross-
sectional area of a stream, and a sufficient number of velocity measure-
ments across the station to permit determination of the average velocity 
perpendicular to the section. The technique used for measurement is 
described in App. 9.2.1. Measurements were undertaken using a Pygmy meter 
attached to a 1.5 mm wading rod. Velocities were measured using the one-
depth method (0.6 x depth from the water surface) which is a standard 
technique for shallow water. Discharge monitoring was carried out at five 
stations (Fig 4.1) on a monthly basis during the water year (June 1986 
-May 1987). Discharge and velocity measurements for the main station 
(Station A), and other streams is presented in App. 9.2.2. The resulting 
discharge and stage measurements were used to produce a rating curve and 
hydrographs for the monitored streams in the area. 
4.4.3 Rating Curve 
The relation of stage to discharge is a function of both section and 
channel controls. Section control is effective if a critical flow 
section exists a short distance downstream or upstream from the gauging 
site (eg. occurrence of pools), but this control is only effective at low 
discharge. At medium and high discharge, section control is submerged by 
channel control, which consists of all the physical features of the 
channel that determine the stage of the river. These control elements can 
be the size, roughness, alignment, stability of the streambed and banks, 
and the shape of the channel. 
Stage-discharge relations are developed by plotting the stage 
against the discharge on rectangular-coordinate paper. The rating curve 
for a period of one year is presented in Fig. 4.6. The curve indicates 
that stage-discharge relations are relatively uniform. However, both 
control elements are effective over a particular range of stage (ie. 
compound controls). At low stage height (below 60 cm) the section 
controls are dominant (e.g. an existence of pools with higher water-level 
or weed growth). By increas'ing the stage, low water controlling elements 
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Figure 
4.6 
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(section controls) are covered by higher level controlling elements 
(channel controls). This is the cause of a more uniform rating, as well 
as a straightening out of the typical parabolic curvature of the rating 
curve at the stages above 60 cm. 
Any change in the stream bed during a period with a high stage, and 
high discharge will cause a more significant change in rating curve 
during a lower stage period (Fig. 4.6) with a lower discharge due to a 
higher flow sensitivity in the lower stage. Four different changes in 
rating were identified during monitoring over a 12 month period. The 
channel control is stable longer during rating curve no.2 ,identified 
between 860707 till 861126. 860707 till 861126), where the stage is higher 
than 60 cm. A change in the stream bed during this period resulted in a 
different rating at lower stage periods. Another factor which causes a 
change in rating during low stage periods, is the growth of weed. Weed 
growth is able to decrease the stream energy when the flow and discharge 
are at a lower rate - the stage for a given discharge shows an increase 
(e.g. rating no. 3 and 4 in Fig 4.6). In general the rating curve of the 
Kaituna River is indicative of relatively stable control elements. 
4.4.4 Hydrographs 
1) Hydrograph Sites. 
A hydrograph is a chronological representation of the discharge of a 
river. It provides a convenient means of visualizing the behaviour of a 
stream under different climatic (hydrometeorological) conditions. 
A hydrograph was established for each site (Fig. 4.1). Two sites 
were located on the main stream (discharge stations A and E) ) and three 
were located on Okana stream (discharge station B), Takamina stream (dis-
charge station C), and Packhorse stream (discharge station D). 
2) Discharge Prediction. 
Continuous discharge measurements were obtained by using a computer 
program (micro-TIDEA). This program is designed to carry out an interpo-
lation procedure until the best straight line between stage and discharge 
coordinates is obtained. This procedure is carried out for each new rat-
ing period. Four different ratings were analyzed using this technique 
during the water year (June 1986 - May 1987), to obtain a continuous 
record of discharge for the study period. 
The stage - discharge relation also may be expressed by the follow-
ing equation (Herschy 1985). 
D = Sin - C (linear equation) 
where: 
D = Discharge S = Stage 
n = graaient 
C = the intersection of the line on the y axis. 
For a linear portion of rating (No.2); 
D = S/0.23 - 0.507 
The computer technique is preferred, as more consistent results are 
obtained using the interpolation procedure. 
3) Hydrograph Correlations 
To obtain a continuous discharge record for all gauging sites, 
results of discharge were correlated to the main gauging station which had 
a continuous stage recorder. This was undertaken to determine hydrographs 
for each site. Correlation factors ranged between .857 to .994, suggest-
ing very good correlation. The computed regression equation is presented 
in Table 4.1 and the resulting hydrographs for each station are shown in 
App. 9.3. 
Station No Correlation Factor Regression Equation 
-------------------------------------------------------------St. B (Okana) .982 - 6.11 + 0.903 x A 
St. C (Takmina) 
St. D (Packhorse) 
St. E (Kaituna at Packhorse) 
.857 
.916 
.994 
- 7.73 + .0452 x A 
- 13.4 + .0986 x A 
+ 23.9 + .650 x A 
Table 4.1 Correlation Factors and Regression Equations 
For stream flow measurements. 
4) Hydrograph Components and Separation 
The two major hydrograph components are: 
1) The direct surface run off component (quick flow), which consists 
of water that flows overland until a stream channel is reached. During 
storms this is the most significant hydrograph component. 
95 
2) The base flow component (delayed flow), which consists of the 
water that percolates downward until it reaches the aquifer, and then 
flows to the surface as groundwater discharge. In order to relate the 
direct runoff portion of a hydrograph to corresponding rainfall it is 
necessary to estimate the base flow and subtract it from total runoff 
(mean flow). The hydrograph separation was made with a straight line from 
the beginning of the rise of the hydrograph to the intersection with the 
hydrograph recession, which is the point where direct run off ceases. The 
separation for the major events during, the water year are presented in 
App. 9.4 
5) Base Flow and Direct Run off Measurement Techniques. 
There are several techniques which may be used to compute direct and 
base flows. Most of these methods are based on analyses of groundwater 
recession or depletion curves. If there is no direct flow and if all 
groundwater discharge from the upstream area is intercepted at the stream 
- gauging, then base flow can be measured by the following equation. 
qt = qOKt 
where: 
qo = a specified initial di?charge {flow at the beginning of 
selected time interva1l Qt = the discharge at.any tlme t after flow qo 
K = Q]/qO = a receSSlon constant q1 = flOW at the end of each intervals 
For the purposes of this study a computer program (micro-TIDEA) was 
used to define the base flow and direct run off. First a hydrograph for 
each event was constructed, and the base flow separated graphically (App. 
9.5). The base flow at the beginning (qO) and the end of each event 
interval (q1), together with their related time, was then used to compute 
the base and direct flow for the whole year, and for the eight major 
events determined during the water year (Table 4.2 ). The quantity of flow 
components for each event (Station A) is also illustrated in ~pp. 9.5. 
Using the correlation and regression equation shown in Table 4.1, 
base, quick, and mean flow was determined for other stations (Table 4.3). 
Computed daily base and mean flow for the Kaituna Stream (Station A) 
is presented in App. 9.6 and 9.7. 
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Table 4.2: Flow Components for the Main Events 
Event No. Event period Mean flow Base flow Quick Flow 
(yr/mon/day) (lit/sec) (li t/sec) (li t/sec) 
1 860626-960717 2938 504 2434 
2 860807-860817 2836 634 2202 
3 860821-860915 5455 736 4719 
4 861004-861024 2145 611 1534 
5 861125-861206 5371 430 4941 
6 870303-870307 2730 364 2366 
7 870311-870316 2108 412 1696 
8 870518-870527 2763 379 2389 
Table 4.3: TIle Spatial Distribution of Mean. Quick and Base 
Annual (June 1986 - May 1985) Discharge For Streams 
Stream Names Mean flow Quick flow Base flow 
lit/sec mm/y lit/sec mm/y lit/sec mm/y 
Kai tuna (Stn.A) 1131 939 748 621 383 318 
Okana (Stn.B) 96.02 79.7 61.43 50.1 28.5 23.6 
Takamina (Stn.C) 43.4 36 26.1 21.6 9.58 7.95 
Packhorse (Stn D) 98.11 81.4 60.35 50 24.36 20 
Kai tuna Stream at 759 630 510 423 272.8 226 
Packhorse (Stn.E) 
97 
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4.4.5 Discussion of Results 
1) Surface Water Resource Availability 
The monthly minimum, mean and maximum values of base, quick, and 
total flow (mean flow) for the main stream are presented in Table 4.3. 
The daily flow value is also given in App 9.6. Th~ total base, quick, and 
mean flows for each station are shown in Table 4.4. 
The total available mean flow is 1131 l/Sec, 68% consisting of quick 
flow and the remaining 32% base flow. Mean annual specific yield from the 
basin is 938 mm y-l for the water year over the monitored catchment area 
(38 km2). This runoff (total flow) drains from the catchment via a network 
of smaller streams to the main stream outlet. Despite the relatively 
large water resource potentially available for allocation in the Kaituna 
Catchment, it is not distributed uniformly throughout the catchment. For 
example Packhorse stream (Fig. 4.1), has the highest flow rate of any 
tributary (102 l/sec), while Takamina stream to the west of Packhorse has 
the lowest discharge (45 Lit/Sec) with a smaller subcatchment area (Fig. 
4.1 ). 
2) Runoff - Rainfall Relationship 
The spatial distribution of annual discharge is similar to the spa-
tial distribution of rainfall; a lower response of mean flow to rainfall 
during dry season being due to higher evaporation. Daily and monthly mean 
rainfall and discharge are compared in Fig. 4.7. 
The prediction of the :icrcentage of rainfall appearing as runoff 
depends on the degree of seasonal climatic variation as well as the 
uniformity of the stream control elements (Sect. 4.4.3). 
The precipation - runoff relationship is shown in Fig. 4.8. This 
relationship is more constant in a flow rate higher than 1100 l/sec or 75 
mm over the monitored catchment (38 km2) in a one month period. The rela-
tionship is estimated using the following equation. 
Q = (l/s) (P - Pb) 
where: 
o = mean flow (mm/month for monitored catchment area) 
P = rainfall value (mm) 
s= the s ope of the line .. Pb = a base precipation value below Wh1Ch Q 1S zero 
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Table 4.4: Ground Variation of Mean and Base Flow 
for the Main Stream (KaitunaSt A) 
Mean Flow (1/5) Base Flow( 1/s) 
Min Mean Max Min Mean 
90 320 1190 86 205 
550 2270 1600 342 687 
450 3620 4286 450 633 
550 850 1710 551 789 
210 2140 31920 206 306 
220 430 1080 209 379 
28 87 162 28 85 
21 150 597 21 83 
220 1007 6394 220 379 
104 106 306 104 161 
138 971 9966 138 306 
101 
Max 
566 
1055 
794 
1222 
551 
531 
153 
191 
538 
306 
548 
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For the monitored catchment, the prediction of runoff for any given 
rainfall can be estimated using the equation. 
Q = (1/1.07)(P - 73.3) 
and therefore 
Q = 0.93 (P - 73.3) 
3) Seasonal Variation of Flow 
The seasonal variation of maximum, minimum and mean monthly total 
flows for the Kaituna River station is shown in Figs. 4.9 and 4.10. Table 
4.4 shows the variation the variation of monthly mean and base flow (for 
station A). Seasonal variations in flow are highly pronounced, with the 
maximum flow showing a variation of up to 91% higher than mean monthly 
flow (August, 1986), and the minimum flow up to 87% lower than mean 
monthly flow (August, 1986). The smallest variation in flow occurs during 
summer (25% of the mean flow in February 1987). This indicates that low 
discharge is independent of storm rainfall and is sustained by groundwater 
derived from springs. The maximum river flow occurred on 23rd August 1986 
(42810 l/sec), while the minimum discharge occurred on 7th February 1987 
(21 l/sec). August (1986) has the highest mean flow (3620 l/sec), while 
the lowest mean flow of the river occurs in January 1987. 
4) Data Analysis in Term of Infiltration 
All 5 hydrographs (each with eight major events) from the Kaituna 
River and other tributary streams demonstrate a similar response to 
rainfall. During storm run off, quick flow is very high (Figs. 4.12 to 
4.17), while base flow increases only fractionally (eg. 13.7% of total 
mean flow during the eighth event, App. 9.4). In addition, comparison of 
the daily and monthly mean rainfall intensity and the hydrograph from the 
main streams (Fig. 4.7), indicates that the time lag between the peak of 
the rising limb and the maximum rainfall is almost instantaneous. These 
two phenomenon indicate that the rate of infiltration through the stream 
bed during flood events is negligible (Sect. 5.5.1). 
4.5 Synthesi s 
The head waters of all tributary streams are fed by springs origi-
nating from volcanic and colluvial deposits. The rainfall data for the 
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catchment suggests a positive relationship with height above sea-level 
(rainfall increases with increasing elevation). 
Total average rainfall is 1900 mm and total evaporation over the 
monitored catchment is 860 mm. 
The total potential surface water resource is 429.8 x 105 m3 (1131 
l/sec mean flow or 938 mm of water for whole monitored catchment). Of 
this, 68% is quick flow and the remaining 32% base flow. 
The spatial distribution of annual discharge is similar to the 
spatial distribution of rainfall, and seasonal variation of flow is highly 
pronounced in the area. Small flow variations occur during summer, which 
indicates that low discharge is independent of storm rainfall, and is 
sustained by groundwater derived springs during the dry season. 
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CHAPTER FIVE 
GROUNDWATER HYDROLOGY 
5.1 Introduction and Objectives 
Proper groundwater resource evaluation requires a knowledge of 
aquifer characteristics, piezometric fluctuations, discharge and 
recharge mechanisms, hydrogeological model and water balance compo-
nents. Oata regarding aquifer distribution and the hydrologic compo-
nents of surface water are therefore essential for conducting the 
investigation. 
The objectives for the groundwater investigation are given below: 
1) The hydraulic characteristics of aquifers are determined to 
provide a measure of their productive capacity. The hydraulic parame-
ters determine the rate at which water may be extracted, and also the 
effect which any production bore will have on either the aquifer or on 
another bore intersecting the same aquifer. 
2) Piezometric fluctuations were carried out in order to: a) fur-
ther define aquifers according to their piezometric grouping; b) 
describe the responses of the aquifers to seasonal hydrological inputs; 
and, c) determine groundwater flow patterns and movements. 
3) Spring monitoring was undertaken in order to determine the 
groundwater discharge mechanism. 
4) Two possible recharge models were investigated in order to 
define the best model suited for recharge of the groundwater system in 
Kaituna Valley: a) stream - aquifer interaction model; and b) fracture 
infiltration model. 
5) The water balance component was identified in order to 
evaluate the groundwater resource. 
6) The results of this investigation is used to generate a hydro-
geological model for the groundwater system "in Kaituna valley. 
5.2 Aquifer Hydraulic Characteristics 
5.2.1 Aquifer Parameters 
The most important aquifer parameters are hydraulic conductivity, 
transmissivity, storage coefficient and safe yield. These parameters 
are determined by a pumping test, slug tests and free flow tests in the 
boreholes shown in Fig. 5.1. The definitions of hydraulic properties 
are given in App. 10.1. 
5.2.2 Base Aquifer Hydraulic Properties 
1) The Step Drawdown Pumping Test on Bore M36/1344 
a) Interpretation of Aquifer Properties 
In step drawdown tests the drawdown of a well is observed while 
the discharge rate from the well is increased in steps. The test was 
carried out on well M36/1344 by Ministry of Agriculture and Fisheries 
on 3rd of May 1985. Field data is presented in App. 10.2. The test 
was interpretated by North Canterbury Catchment Board (Talbot and Cal-
lander, 1986), and reproduced by author, using new computer inputs to 
obtain 
puter 
10.3). 
a more accurate estimation of aquifer characteristics. The com-
programme used for data interpretation is called THOMI (App. 
The programme is based on Theis's equation (Clark, 1977); 
QW(u) r2S 
s = ------ + C Q2 
4TTT and u = -------
Where 
Q = the ~onstant pumping rate 
s = drqwdown 
r = effective radius of tQe.pumping T = the aqulfer transmlsslvlty S = Storaq~ Coefficient 
t = time Slnce Pumplng started W(u) = The well fuo~tlon of u C = well loss coeftlclent 
4Tt 
bore 
The equation parameters and step drawdown test technique are described 
in detail by Clark (1977), Hazel (1975) and Walton (1970). 
A trial and error approach was adopted in this study to define a 
set of aquifer properties which would reproduce the drawdown measured 
during the test. Due to the number of parameters to be defined, the 
operation was highly complex and time consuming. The main parameter 
change from the previous interpretation was the lateral aquifer bound-
ary. The resistivity data indicates a larger groundwater channel in 
the well site (KC4, resistivity sounding site), and therefore the lat-
eral boundary parameter in the computer model was extended. The new 
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set of aquifer parameter give a more accurate reproduction of the water 
level measured in the step drawdown test. The parameters used in the 
programme to give the model shown in Fig. 5.3 are presented in App. 
10.3. The model was constructed using a transmissivity value of 0.0048 
m2 s-l and a storage coefficjent of 0.0025. Specific Storage therefore 
is 1.25 x 10-3 m- l . 
It should be noted that in a single well drawdown test, that dur-
ing the first few minutes, the outlet pipes are still empty and the 
pump works against a very small pressure, and therefore its actual dis-
charge is much larger than the rated discharge (Mandel 1981). The 
initial part of the test during which the main portion of the drawdown 
occurs does not match the computer model (Fig 5.2). 
b) Safe Yield and Drawdown Prediction 
The safe quantity of water available for extraction is dependent 
on the amount of water seepage into the aquifer from the volcanic 
bedrock, and this varies throughout the year. In dry conditions (water 
level at depth of 10 m) the computer model indicates that the maximum 
continuous pumping rate for 24 hours would be about 12 litres per sec-
ond. The aquifer cannot sustain spray irrigation for more than this 
period and pumping should be stopped to allow aquifer recovery. 
The computer program thomXX (App. 10.4) was used in this study to 
predict drawdown around the pumping well. The recharge to the aquifer 
due to pumping was decreased in the model to enable prediction of draw-
down in drier climatic conditions. 
The·amount of drawdown after 24 hours at a pumping rate of 14 
l/sec at 100 m distance from the pumped bore is shown in Fig. 5.3. 
As shown, drawdown at this imaginary site will start after 5 minutes 
pumping with the highest drawdown rate in the first 155 min. 
The rate of drawdown after 12 hours at different distances from 
the bore was estimated using the same method. The drawdown prediction 
model is illustrated in Fig 5.4, from which it can be seen that at 
1000 m from the pumping bore M36/1344 (ego at M36/734), the first mea-
surable drawdown occurs after 12 hours pumping (Q=14 l/sec). 
2) Slug Test on Bore M36/734 
The hydraulic conductivity and transmissivity values for the 
107 
?? 
"""''''' 
20 
18 
"........., 
ifJ. 
\:":::J 
, ~ 16 f \:":::J 
e 14 
~ I ~ I 
E-; 12 
-< ~ 
o 10 E-; 
~ 
8 E-' ~ 
\:":::J 
0. 6 
4 
rJ r 
hJ 100 
Figure 5.2 Pump Test Measurements and Model Prediction (M36/1344) 
I I I l.::k 
/./'" 
./~* 
It 
.* 
Model 
.. P red i c t ion ~" Field Data 
I I I I 
2 5 10 1 2 5 102 2 5 2 5 
Analyst P.Na 
TIME (MINUTES) 
104 
~ 
a 
CD 
I 
Figure 5.3 Predicted Drawdown due to Pumping (Q = 141/s) from 
Bore M36/1344« at 100 m distance» 
14 ~ \' f 
12 
mlO ~ 
t:::l 
e::: 
E-< 
t:::l ~ 8 
'-" 
z 
~ 
o 6 
!""'\ 
~ 
0:: 
q 4 
2 
o -~----~----~----~----~----~--~----~----~ 
o 200 400 600 800 1000 1200 1400 1600 
TIME (MINUTES) 
Analyst P.Na 
.--
o 
to 
Figure 5.4 Drawdown 
141/s 
Bore M36/1344 after 12 Hours ng at 
8 .---~--~--~--~--~--~--~--~--~--~---. 
7~ 
6 
,.-.... 
C/) 
r:J t P:: E-< 5 
::g 
"-" 
Z .a. >- ~ 
.--
o 
~ <:: 3 
~ 
Cl 
2 
1 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
'\ 
\ 
\ 
\ 
II. 
l 
oL-~--~--~ __ ~ __ -L __ -L __ -L~~~~==~~ 
100 200 300 400 500 600 700 800 900 1000 1100 1200 
DISTANCE FROM PUMPING BORE (METRES) 
Analyst P.Na 
t-> 
t-> 
o 
lower aquifer at bore site M36/734 were also determined using a Slug 
test. Tests were initiated by causing an instantaneous change in water 
level in the bore through a sudden introduction of water (using a water 
pump with a 500 litre capacity). The recovery of the water level with 
time was then monitored. The method, water level recovery, and test 
calculations are presented in App. 11 (A.11.3, A.ll.4, A.ll.5). As is 
shown in table 5.1, the hydraulic properties of this bore and bore 
M36/1344 are identical. 
~ Upper Aquifer Hydraulic Properties 
The hydraulic properties of the upper aquifer are identified 
using free flow and slug tests. Although a free flowing well (artesian 
well) is not pumped, the method of calculating the transmissivity is 
closely related to the analysis of pumping tests, and the test proce-
dure is described in App. 11.1. Free flow tests were conducted on arte-
sian wells in the lower part of the valley (M36/1436, M36/1437, 
M36/727, M36/1422) and slug tests on well 1421. The free flow calcula-
tions are shown in App. 11.2, and the result are presented in Table 
5.1. During the tests on wells M36/1421 and M36/727 the steady state 
was not quite achieved as the rate of head fluctuation was more than 
0.05 m per hour, which is an undesirable rate (Lee, 1984). The reliab-
ility of the resulting permeability values of 1.02 x 10-2 m/s and 7.74 
x 10-3m/s for upper aquifer is therefore questionable and is omitted 
from future analysis. 
The problems associated with air entrapment in boreholes is a 
major limitation to the slug tests. The reliability of slug tests are 
also strongly dependent on the condition of the bore intake, and cor-
roded or clogged wells may cause inaccuracies in measured values. 
The transmissivity values (Table 5.1) are higher for the upper 
aquifer than for the base aquifer, due to their different thickness. 
The hydraulic conductivity of both aquifers are comparable, ranging 
from 1.03 x 10-3 m/s to 2.04 x 10-4 m/s for upper aquifer, and from 2.4 
x 10-3 m/s to 9.6 x 10-4 m/s for lower aquifer (low to medium permeab-
ility, App. 3.2). 
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Table 5.1: Groundwater Transmissivity 
Aquifer LOIlie r Aquifer I upper Aquifer I 
I 
I 
Bore no. 1136- 734 M36-1344 ! M36-1437 M36-1436 M36-1421 
I 
Gr i d. Ref. 
1136- 647 175 844 165 822 1522 823 150 827 146 
Depth (m) 21.2 29.6 70.3 90.72 48.58 
(G.L) 
Depth (m) 10.49 6.45 3.25 2.93 2.85 
(ILL) 
Di a meter 75 200 55 55 75 
(mm) 
Slug Step Free Flow Free Flow Slug Test Type 
Test Drawdown Test 
(Pumpi ng) 
Hydraulic 
Conduc t i-
9.6xl0 -4 2.4xl0 -3 2.04xlO -4 7.75xl0-4 1.03xl0 -3 
vi ty (m/s) 
T r ansmis_ 4.3xlO -3 4.8xl0 -3 4.9xl0 -3 1.86xl0 -2 2xl0-2 
SiVit) 
(m2 /s 
5.3. Piezometric Survey 
5.3.1 The Piezometric Monitoring 
Piezometers in eight bores were monitored from June 1986 to May 
1897. Monitoring was carried out manually on a one week basis by staff 
of North Canterbury Catchment Board. Water levels in the bore were 
monitored using a standard W/A twin-cable electronic probe with an 
estimated accuracy of'2% The weekly data is presented in App. 12, and 
the monthly mean values are shown in Table 5.2. 
5.3.2 Piezometric Data Interpretation 
1) Vertical Distribution of Piezometric Head. 
Vertical distributions of piezometric heads are presented in Figs 
5.5 and 5.6. Seasonal and short term piezometric fluctuations indi-
cate a significant drop in water level during dry conditions between 
November 1986 and March 1987 (eg. from 5.12 m in August 1986 to -1.6 m 
in January in well M36/1344). A sharp drop in piezometric level in 
January (1.63 m in December to -1.6 m in January, in well M36/1344) 
could be due to greater extraction of water by pumping 
Deeper wells (M36/1436, and M36/1437) are less affected by the 
seasonal variations of rainfall and this is considered to be mainly due 
to a longer distance from the recharge area (see section 5.5). 
Vertical differences in mean piezometric pressure with bore depth 
are shown in Figs. 5.7 and 5.8. The plots for the bores within the 
upper aquifer demonstrate a general trend toward higher piezometric 
pressure with increase in bore depth except for bore M36/1422 (45.85 m 
depth) which has a slightly higher piezometric head than expected (com-
pare with bore M36/1421 with a 48.6 m depth). However, the sensitivity 
of measuring piezometric head is less than the variation expected for a 
2.5 m difference in bore depth. On the basis of this data, it is 
inferred that the underlying deeper parts of the upper aquifer are gen-
erally acting as recharge sources for upper parts of the aquifer. The 
bores within the lower aquifer are located in different elevations, and 
the plots (Fig. 5.7) demonstrate a decline in piezometric pressure with 
increasing bore depth (decrease in aquifer elevation), indicating that 
recharge potential zones have a direct relationship with altitude. 
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Table 5.2: Water Level Monthly and Annual 
Mean Values 
Year 1986 
Month June July Aug Sept Oct Nov Dec 
Well No. 
727 3.40 3.52 3.65 3.56 3.89 3.62 3.83 
734 6.35 7.16 7.09 6.56 6.04 5.87 5.10 
843 24.6 25.1 25.1 25.0 24.9 24.8 24.8 
1344 5.12 5.53 3.31 5.22 5.19 5.02 1.63 
1421 3.21 3.48 3.56 3.56 3.34 3.2 2.39 
1422 4.06 4.07 3.99 3.69 3.18 
1436 6.30 6.3 6.36 6.34 6.61 6.5 6.34 
1427 6.35 5.98 6 6.15 6.22 6.04 5.92 
Year 1987 
Month Jan Feb March Apr May Annual Mean 
Well No. Value 
727 3.44 2.7 3.41 3.45 3.93 3.5 
734 1.14 3.09 6.21 6.69 6.9 5.68 
843 24.4 24.4 24.5 24.4 24.6 24.71 
1344 -1. 6(p) 1. 5 4.79 5.15 5.21 4.27 
1421 0.56 1.27 3.19 3.27 3.37 2.86 
1422 p p 3.76 3.91 3.92 3.4 
1436 6.5 6.66 6.39 6.46 6.47 6.31 
1427 5.6 5.18 5.83 5.86 6.26 5.94 
Note: p means pumping. 
- means no reading 
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By comparing the resultant piezometric contour to contours for 
the south side of the lake (Mandel, 1974) and the lake level, it 
appears that lake Ellesmere is in hydraulic connection with groundwater 
because piezometric levels around the lake are higher than water level 
in the lake (Fig. 5.9). However water fluctuations in the lake and in 
the adjacent wells differ, and do not show a direct interaction between 
the two. 
2) Piezometric Contour Analysis 
The distribution of piezometric head, as shown in Figs, 5.10, 
5.11, 5.12, 5.13, provides a better understanding of the direction of 
groundwater movement, and hence of groundwater discharge and recharge 
patterns. Piezometric contour maps were constructed for summer and 
winter conditions using piezometric data from all bores monitored in 
the area. Piezometric gradients are lower for the section within the 
lower aquifer (Fig. 5.10, 5.11), and indicate that groundwater flow is 
likely to be slower in this section, with wide contour intervals. 
Piezometric levels drop for all bores during summer, with a small 
decrease for the wells within the upper aquifer (Fig, 5.12, 5.13) in 
the lower part of the valley close to the lake Ellesmere. 
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Overall, flow patterns in wet and dry conditions are the same. 
The piezometric gradients and hence flow rates are clearly lower for 
the lower aquifer in summer conditions (Fig. 5.10). There is no dis-
tinct seasonal change in piezometric gradient for the upper aquifer 
(Figs. 5.12, and, 5.13), which is attributed to a longer flow path for 
the water in the upper aquifer. 
5.4 Spring Discharge Variations 
The springs and the groundwater systems feeding them are closely 
related to each other. The characteristics and variations of ground-
water discharge were identified by the monitoring of 27 springs for a 
12 month period (June 86 - May 87). The locations of the monitored 
springs are shown in Fig 5.1. Springs are named according to their 
location in the valley side (east,E or west,W) and their subcatchments. 
For example spring "E.3.1" indicates an east side spring, subcatchment 
3, and spring number 1. The discharge values are given in App. 13.2. 
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S.4.1 Discharge Magnitude 
The magnitude of discharge can be divided into three categories. 
1) Low (less than 2.S lmin- I 
2) Medium (between 2.S and IS lmin- I ) 
3) High (more than IS lmin- I ) 
Most of the monitored and mapped springs,fall into the first of 
these categories (App. 13.2, and Figs 1.6 and 1~7). Eight of the moni-
tored springs outlet from volcanic bedrock, 17 from volcanic colluvium, 
one from mixed colluvium, one from loess, and one from alluvium (App. 
13.2). In general, the magnitude of discharge increases with increas-
ing elevation and proximity tv the upstream area (due to the higher 
rainfall in these areas). For example springs from subcatchment 5 with 
an elevation of 400 m to SOD m have the highest discharge among the 
monitoring springs (App. 13.2). 
S.4.2 Seasonal Variation 
The seasonal discharge trend of the monitored springs ;s shown in 
App. 13.3, and clearly indicates a decline in discharge between Novem-
ber 1986 and May 1987. In all monitored springs the maximum flow was 
observed in August 1986 and the minimum in February 1987. 
The controlling factor for spring variability is the flow path 
and storage volume. The seasonal variation observed for springs E.3.1 
and W.S.l (Fig. 5.14) is highly uniform compared with the other 
springs (eg. springs W.2.2 and, W.S.S in Fig. S.14). The discharge of 
these two springs (E.3.1 and W.5.1) is continuous even in summer, due 
to their longer flow path and larger storage volume. The long flow 
path for the springs with a more continuous flow also has been con-
firmed by chemical and isotopic studies (see chapter 7). 
Spring variability (Va) was computed using the following equation 
(Davis and Deweist, 1966). 
(Qmax - Qmin) 
Va% =------------------- x 100 
where (Qmed) 
~ max = maximum discharge min = minimum Qischarge med = medlan dlscharge 
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The spring variability for the monitored springs at different 
altitude is presented in APP. 13.2 Spring E.3.1 and W.5.1 show a min-
imum variability (228% and 277% respectively) while spring W.l has a 
maximum variability of 5870 %. Data does not indicate any relationship 
between altitude and spring variability. 
5.4.3 Discharge Component 
Field observation indicates the presence of two spring discharge 
components, direct and indirect. Rapid infiltration of storm water in 
the small area close to the spring outlet increases the discharge rate, 
and this is a minor component of the discharge water because of the 
size of the recharge area. 
An increase in the spring discharge is also a result of the 
increase in piezometric head due to infiltrating rainwater. This is 
the major component contributing to increased discharge. Larger and 
deeper volumes of older water will have less response to an increase in 
pressure, hence, their outflow fluctuations are smoother and their mag-
nitude, less than shallower and smaller volumes of water within vol-
canic fractures. 
As shown in Figs.A.l3.3 the warm, dry period (January to May 
1987). resulted in very little recharge of the groundwater system. 
The ,response to ra i nfa 11 duri ng the summer peri od is mi nima 1 due to 
high evapotranspiration. 
5.5 Recharge Models 
5.5.1 Stream - Aquifer Interaction Model 
The possibility of groundwater recharge through the stream bed 
via the valley floor deposits was investigated using the following 
methods: 
1) Flow gaugings 
2) Piezometric level and stage comparisons 
3) Geophysical and geological data. 
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II} Flow Gauging 
A direct method of determining possible recharge from the stream 
led through the valley floor deposits, is flow gauging of the main 
:tream and tributary streams. T!.c spring runoff to the Kaituna River 
:egment between each gauging site was also measured at the end of each 
lonth (this was possible for a flow rate less than 10 l/sec). 
'hese flow rates were correlated to the Kaituna Stream hydrograph, and 
,he resulting regression equation (App. 9.B) was used to estimate the 
'ate of the total base flow for spring runoff into the Kaituna river. 
The base flow comparison for streams during the water year (June 
986 - May 1987) is shown in table 5.3. 
Base Flow (l/Sec) 
--------------------------------------------------------ABC 0 E F 390 29 26 277 10 3.84 
Table 5.3 Base flow comparison for th~ streams during 
the water year (June 1986 - May 1987). 
A = base flow at Kaituna stream (main station) B =» "» Okana stream 
A =" "" Kaituna stream at Packhorse C =" »" Packhorse stream 
o =" "" Takamina stream E =" "" Springs run off 
Recharge = input - outflow = (B + C + 0 + E + F) - A 
= 335.8 - 390 = - 54.2 l/sec 
The gaining water is considered to be representative of under-
round water flow to the stream channel, through volcanic rocks. Some 
f these flows outlet before reaching the stream channel, for example 
pring A.1, Fig. 2.7. The results suggest that there is no loss from 
alley floor deposits into the aquifer system in the monitored section. 
2) Piezometric level and Stage Comparison 
Comparison of piezometric levels within boreholes and river stage 
nd mean flow data have provided some understanding of the stream-
roundwater interaction. The monthly mean value of the Kaituna Stream 
tage, and rainfall are compared with groundwater level in Figs, 5.16 
, and ~. Although both stream and piezometric data show a response to 
ainfall and seasonal variations (Fig. 5.17) no direct response between 
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stream stage and piezometric level ;s indicated. 
3) Geophysical and Geological Oata 
Both geological and geophysical data suggest the presence of a 
clay confining layer above the upper and basal aquifer as discussed in 
chapter 3. Laboratory permeability results (presented in table 2.3) on 
samples from a 6 m auger hole in the valley floor deposits also indi-
cates the occurrence of very low permeability materials. Although in 
the up stream area of alluvium (ie. above well M36/1344) downhole log-
gings and auger holes suggest the existence of a thin gravelly layer 
close to the surface, both geological and geophysical date indicate 
that this layer is not continuous and is underlain by a clayey layer. 
4) Summary 
The above investigations strongly suggest that a continuous aqui-
clude of marine clay exists beneath the full river width channel within 
the monitored area, and separates the underlying aquifers from streams 
flowing on the alluvial deposits. Therefore, the stream-aquifer inter-
action model has been proved invalid as the recharge model for aquifers 
in the valley floor sediments. 
5.5.2 Fracture Infiltration Model 
. 
The pos~ibility of groundwater recharge by direct infiltration 
(rainfall) through volcanic fractures was investigated using: 
a) environmental isotopes and water chemistry analysis. 
b) spring discharge and piezometric level changes 
Results of the environmental isotope and water chemistry analysis are 
presented in detail in chapter 6. The three monitored springs and water 
samples from both aquifers have S180 values consistent with rainfall 
6180 values at moderate altitudes (section 6.4.2). This confirms that 
local precipitation on Banks Peninsula is the source of recharge for 
both aquifers. 
The Tritium concentration (TR values) in the monitored springs is 
close to current rainfall (section 6.4.3), again indicating infiltra-
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tion of rainfall through volcanic fractures. 
Chemical analysis of spring water and groundwater indicates that 
the water flowpath recharging the aquifer system is through volcanic 
rocks. These results are different to those from the Canterbury Plains 
groundwater systems, which are recharged by direct precipitation and 
river flow. 
Spring water are interpreted as rejected recharge due to the 
local occurrence of perched layers (tuff or ash). Study of the dis-
charge of the springs with respect to climatic factors was undertaken 
to refine the recharge model for the groundwater system. The ground-
water level and spring discharge show a similar overall response to 
seasonal variations in rainfall (Fig 5.17). This is further evidence 
for the direct precipitation-infiltration model suggested for ground-
water recharge. 
The continuous discharge of two of the springs even in the dry 
season (E.3.1 and W.5.1) is due to longer flow paths and larger ground-
water storage. Both aquifer systems are therefore considered to be fed 
by the same type of springs (but by underwater flow), with a longer 
flowpath, more continuous flow, and greater storage volumes. 
5.6 Water Balance Model 
5.6.1 Hydrometeorological Equation 
The evaluation of the groundwater resource is strongly dependent 
on the estimated natural groundwater balance. Water balance (water 
budget) method was therefore used to determine groundwater recharge. An 
advantage of the water balance method is that the aquifer does not have 
to be in dynamic equilibrium in order to use it. Many of the parame-
ters used for a hydrologic water balance were measured directly; preci-
pitation, stream flow, evaporation. The water balance of the catchment 
is defined by 
R = P - (E + Qq) - Qb - 6SMO 
where 
R = net recharge P = total preclpitation 
E = actual evaporation 
O.n = ~Uic. k Flow Q~ = Hase flow 
6SMO change in unsaturated soil moisture deficit 
OJ 
L 
+' 
OJ 
E 
.... 
..... 
.. ~ 
L 
c: 
.... 
E 
"-
+' 
.... 
(,'''" -
:"IU 
'11l1! 
;1\111 
i:U{.' 
" 
lml 
I! 
•. htlH~ 
..... Ill\! -
7 
\II (. 
E 
. 
III 
:; 
\II 
ID 
L 
+' 
'I -QJ 
L 
c: . 
3 --
.-< 
OJ 
> 
OJ ? . 
.J 
L 
OJ 
+' I . 
III 
3; 
/1 
./ 
./ 
~,,-- t 
UG ,JH I 'I 
--.--- f~M'_' __ '~ 
(HI~t $C'pt J)pc .J~n n"' 
~ i",,(' ("'OUt_It5) 
U n~i .. r~IJ (s.~ 1) 4· EV'Ul.,,..,,tiun 
~ ~ ......• - .. -- .. -.--...• -.--.,~--~~-----. •. ~~-~~::::,f 
Ur. .J"'!f AtI~-t St'P4 On I Uov I)~c .I~,,\H n"1 f'"" H~rc~ h A).'r """J 
t i"~ 
.... W.2.4 0 U.7..2 -J. W.:i.J 
HeAn pi~znMctric l~v('Js of ~el Is 
~-t - >u ___ • ____ ,---····----~-l--------f~-----·t-·----l'----f·---~.,_·----~-..__----·-·-l~.. , 1 
',It",,, 1)( .July flu', Sept Oct /lov Dec J,," U"I F.,h !I .. "ch ApI" H"y 
f.iHe 
u 1136/1421 ... HJ('/HJ6 ... HJ6/HJ? 
Figure 5.17 Comparison of Rainfall, Springs and Water levels 
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The precipitation, actual evaporation, quick flow, and base flow 
components are summarized below and the relationships between water 
balance components are shown in Fig. 5.18: 
1) Precipitation 
The average depth of precipitation over the drainage basin was 
computed using isohyetal techniques (Section 4.2). The preclpl-
tation value for the monitored catchment (38 km2) is equal to 
1900 mm. 
2) Evaporation 
A total value of 860. mm actual evaporation (Sect. 4.3) is com-
puted for the catchment. 
3) Quick flow (Qq) and base flow (Qb) 
Total base flow for the Kaituna Stream station (Stn. A, Fig 4.1) 
is equal to 383 l/sec or 318 mm (Sect. 4.4) for the water year 
(June 1986 - May 1987) over the mon itored catchment (38 km2). 
Therefore; 
quick flow (Qq) = mean flow (Q) - base flow (Qb) = 1131 - 383 = 
748 l/sec 
The quick flow (Qq) during the water year for the monitored 
catchment for one year is equivalent to 621 mm (Sect. 4.4). 
5.6.2 Available Water Capacity and Soil Moisture Deficit 
1) Terminology 
When all the water that plants are able to extract from the soil 
has been removed, the soil reservoir is said to be at the "Wilting 
point". At the other extreme, when a soil is holding the maximum pos-
sible amount of water the soil is said to be at "Field Capacity". The 
difference between these amounts is called the "Available Water Capac-
ity" (AWC). AWC depends on the depth of the soil containing the roots 
and the soil type factor or (Moisture Volume Percent). 
AWC = Moisture Volume Percent x Depth (mm)/100 
If a soil at field capacity loses some of its water through evapotran-
spiration, then the amount of water needed to fill the soil reservoir 
back to full capacity again is called the "Soil Moisture Deficit" 
(SMD). Typical "Available Water Capacities" are in the range 88 mm to 
146 mm of water for silt loams and loessial deposits with soil profiles 
o to 76cm deep (Gradwell, 1976). 
2) Change in Soil Moisture Deficit (~SWD). 
When the soil is at field capacity, any qdditional rain (surplus 
water) that falls will cause runoff or recharge of the groundwater sys-
tem. This results in zero values for the soil moisture deficit, and 
therefore the soil moisture deficit will be most significant in dry 
conditions. Since the study water year commenced in June, any changes 
in the soil deficit for the previous year could not be identified, and 
it was necessary to extend the water balance parameters (residual 
water) back to the previous winter to gain a zero value for soil mois-
ture deficit. 
3) Data Collection 
Precipitation data was available for station 2, and data was col-
lected from May 1985. The station is located in the area (Fig. 4.1) 
where rainfall data is more representative of the change in stream 
discharge rates measured at the Kaituna gauging station. Evaporation 
for this period was estimated using the regression equation determined 
between the Lincoln evaporation station and Kaituna (Sect. 4.4). Quick 
flow from May 1985 till June 1986 was estimated using the correlation 
between rainfall and known quick flow (App. 9.5 ). 
4) Data Interpretation 
The total residual water (P - (E + Qq» during the winter of 1985 
is higher (226 mm) than any type of the maximum AWC for the soil in the 
area (88 mm to 146 mm). Therefore the soil deficit will be zero at the 
end of the winter 1985, and this means that all residual water is per-
colating through the groundwater system. The first negative residual 
value occurs in September, 1985 ( 10.4mm), and this builds up the soil 
deficit. For the next month (October 1985) the soil deficit is 
[(-10.4-(-2.65)] = -7.25mm. A high residual water value (37 mm) during 
November 1985 reduced the soil deficit back to zero (=field capacity). 
Using the same procedure the soil deficit at the beginning of the June 
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86 is computed to be 15 mm (Table 5.4). 
In January 1987 the soil deficit is - 240 mm. This is lower than 
any possible value for the AWC (88 to 146 mm). Any value chosen within 
this range will cause a zero deficit value at the end of May 1987. 
Therefore the change in soil moisture deficit is equal to 15 mm (15 -
0). Even if the soil was able to hold 240 mm of water (which is not 
realistic) the soil deficit will be increased by just 5 mm at the end 
of the study year. 
5.6.3 Recharge Volume to the Groundwater System 
Computed water balance components are used to estimate the value 
of recharge to the groundwater system according to; 
R = P - (E + Qq) - Qb - ~SMD 
whence, 
R = 1900 - (860 + 621) - 318 - 15 = 86 mm 
Therefore 86 mm of water has been added to the groundwater storage 
system during the study water year from June 1986 till May 1987. 
The proposed water balance model is illustrated in Fig. 5. 1 8 
5.6.4 Assessment of Recharge using Aquifer Properties. 
The groundwater resource was assessed by hydrodynamic analysis on 
the upper aquifer and lower aquifers: 
1) Upper Aquifer 
For this aquifer contour maps showing equipotential lines of the 
groundwater levels were produceJ, and the stream lines of water flow 
drawn, to give a flow net (Fig. 5.19). The piezometric level was based 
on the mean value for p.ach month from June 1986 till May 1987. The 
transmissivity for each section is derived from the measured transmis-
sivity value from the well closest to the section. 
Calculation of total volumetric outflow was based on the follow-
ing equation: 
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Year 
1985 
1986 
1987 
Note 
Table 5.4: Calculation'of Change 
in Soil Moisture Dificit ~ S M D 
Month Soil t Residual Evaporation Quick 
Moisture Flow 
Deficit (mm) 
(mm) 
(mm) (mm) 
May 0 41.4 31.32 8.3 
June -0 23.4 16.5 3.12 
July 0 129.4 16.5 67.08 
Aug 0 31.4 38.5 7.3 
Sept -10.4 -i0.4 69.5 4.16 
Oct -77 2.56 83 10.6 
Nov 0 37 92.7 37.6 
Dec 0 7.3 97 18.7 
Jan -14.7 -i4.7 131.4 26 
Feb 0 26.7 107 44.8 
Mar 0 70.5 73 110 
Apr -42.45 -42.45 66.7 0 
May -15 27.55 35 6.25 
Jun 0 102.5 32.4 7.64 
July 0 121.4 23.4 107.9 
Aug 0 93.3 23.5 203.7 
Sept 0 11.23 50.9 4.16 
Oct 0 56.22 65.68 69.6 
Nov 0 46.4 102.9 121 
Dec -86.5 -86.52 129.65 3.6 
Jan -240* 
-140) 
-i53.84 164.08 0.14 
Feb -218 22.04 107.3 42.6 
Mar -124 93.9 66.82 44.6 
Apr -62 61.9 60.26 0 
May -5 56.9 33.36 45.2 
Rain 
Stn.2 
(mm) 
81 
43 
213 
77.25 
63.25 
96.25 
167.25 
123 
142,7 
178.5 
2535 
24.25 
68.8 
142.7 
252.7 
32.05 
66.3 
1915 
207.3 
46.73 
10.38 
1719 
204.75 
122.2 
135.62 
* : The minimum average soil moisture capacity is estimated 
to be -i46 mm. 
t: Soil moisture deficit at the end of each month. 
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13'1: 
Q == q x L 
Where 
Q == total volumetric outflow rate 
g == outflow per unit length = T x I T transmissivit~ == K x d K = coefficient of permeability I == hydraullc gradient 
d = iQuifer thl~kness (m) L = trow Wl dth lm) 
The individual parameters for calculation are given in Table 5.5. 
The total outflow of the upper aquifer which occurs within a catchment 
of 47.6 km2 is 1.07 x 10-1 m3/sec (47.6 km2 used as a catchment area 
due to location of the wells at the bottom part of the valley). Thus 
the annual (June 1986 - May 1987) outflow for the catchment area of 
47.6 Km2 will be equal to 71 mm, and this represents a water column 71 
mm, over the catchment. 
The amount of water which was lost through flow net area is 
D == Outflow - inflow == 17 mm (Table 5.5). 
2) Lower Aquifer 
Due to an insufficient number of boreholes, flow net techniques 
could not be applied. The outflow was measured using the oscillation 
of the water level and storage coefficient in bore M36/1344, and calcu-
lation was based on the following equation 
Q = F u h 
where 
~ = outflow of underground water = alluvium area, = amplitude of water level oscillation in well 
u == storage coefficient 
The quantity of water contained between the highest water level 
and the lowest was 
Q = 4.3X 106 x 0.0025 x 7.13 = 76647 m3/year 
Not all of this quantity of water appears as underground water outflow. 
Different authors have established different percentages of this sto-
rage, depending on the character of region. Roslonski (1947) accepted 
50% of full storage as a free outflow, but Wiezysty (1970) accepted 
78.5% as an average based on experiments. Using Wiezysty's data, the 
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Flow 
net no. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
Table 5.5: Estimated Values of outflow Q 
for the Upper Aquifer 
T I q L Q 
(rn2/s) ( rn3/s ) (rn) ( rn3/s ) 
200 9.8x10 -3 
4.9><10 -3 0.01 4.9><10 -5 170 8.33><10 -3 
130 6.37><10-3 
185 9.06><10 -3 
4.9x10 -2 0.01 4.9xl0 -5 180 8.82x10 -3 
170 8.33x10 -3 
140 2.6><10 -2 
1. 86xl0 -2 0.01 1.86x10 -4 180 3.5>< 10 -2 
170 4.2xl0 -2 
150 2.7xl0 -2 
. -2 
1.86><10 0.01 1.86><10 -4 180 3.3x10 -2 
220 4. Ix 10 -2 
1.86xl0 -2 1.86xl0 -4 180 3.6xl0 -2 
2><10-2 0.01 2x10- 4 180 3.6xl0 -2 
2xlO-2 2x10- 4 180 3.6x10 -2 
170 3.1xlO -2 
2x10-2 0.01 2><10- 4 150 3x10-2 
130 2.6xl0 -3 
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D = outflow 
( rn3/s ) - inflow 
-1.47><10 -3 
-1.96>< 10 -3 
0.24><10 -3 
4.9><10 -3 
9x10-3 
7x10-3 
6x10-3 
8xlO-3 
3xl0-3 
4><10- 4 
-10-3 
-4xl0 -3 
result obtained was 14 mm for the alluvium section, as the total out-
flow for the water year {June 86 - May 87}. 
5.6.5 Summary 
The results of the assessment indicate variability in the rate of 
recharge to different groundwater systems over the catchment area. For 
the monitored water year the total rate of recharge to the groundwater 
system was equal to 86 mm using the water balance technique. For the 
lower aquifer, the specific outflow was computed to be 14 mm for the 
water year, and 71 for the upper aquifer. 
The results indicate a close relationship between the total 
recharge value obtained from water balance techniques and the total 
specific outflow value {mmjy over the catchment} using hydrodynamic 
properties of the aquifers. However, due to the change in transmissi-
vity value with saturated thickness, a more extensive investigation 
needed to better quantify the results. 
5.7 Hydrogeological Model 
5.7.1 Recharge Component of the Model 
The fracture infiltration model proved to be the only possible 
recharge model for the groundwater system. In this model, groundwater 
is recharged by the infiltration of precipitation through shrinkage 
fractures of volcanic rocks (isotopic and chemical studies, chapter 6). 
The water bearing properties of volcanic materials indicate (section 
2.2) that lava with a high concentration of shrinkage fractures are the 
main hydrogeological units for the vertical transmission of water. 
Basal brecciated lava is found to be the main unit for horizontal water 
flow. 
Rainfall djstribution as discussed in Sect. 4.2, shows a steep 
increase with altitude. Therefore, there is a higher potential for 
recharge in summit region, where the highly fractured volcanic rocks 
are exposed (or covered with volcanic colluvium). 
5.7.2 Discharge Model 
Discharge takes the form of spring flow, seepage into the Kaituna 
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stream river, and subsurface drainage into Lake Ellesmere. Monitoring 
of spring discharge indicates a direct relationship between the c11-
matic factors and the rate of discharge. The rate of discharge 
increases with increasing rainfall. 
The impermeable layers (tuff and ash) between lava flows and 
subvertical dikes (Sect. 2.2), divide the subsurface volcanic rocks 
into a number of groundwater compartments (Fig 5.20), each with,its own 
water level and outlets. The outlet will be into an adjacent lower 
compartment or into a spring. As a result the groundwater passes 
through a number of steps down the hillside (Fig 5.20) into the zone 
adjacent to the valley floor sediments. The outlet through the grav-
elly layer in this zone (within the base and upper aquifer), is the 
main mechanism of groundwater replenishment within the valley floor 
deposits. 
5.7.3 Lower Aquifer Model 
Replenishment in the lower aquifer occurs through a gravelly 
layer of variable thickness. The thickness of this layer is up to 17 m 
in the upper part of th~ valley and 65 m in the lower part. The 
aquifer is confined by a 2 to 25 m clay layer (Fig. 3.10). Average 
transmissivity of the aquifer in both well M36/1344 and M36/734 is 4.5 
x 10-3 m2/s. The aquifer model derived from pumping tests predict a 
safe yield limit of 12 l/sec when pumped for 24 hours. The total spe-
cific discharge from this aquifer (Sect. 5.6.4 ) is computed to be 14 
mm/yover the whole alluvium area for the water year. 
5.7.4. Upper Aquifer Model 
Replenishment in the upper aquifer occurs through a gravelly 
layer with an average thickness of 24m. The aquifer is developed only 
in the lower part of the valley (Fig 5.20) due to a change in basement 
topography (perhaps as a result of the emplacement of the Stoddart Vol-
canics, Fig 1.3). The transmissivity value for this is more variable 
(due to changes in its thickness and degree of saturation), and ranges 
between 4.9 x 10-3 m2/s and 1.86 x 10- 2 m2/s. Therefore, a larger 
amount of water could be extracted from this aquifer, but a pumping 
test is necessary to define a safe yield. The total discharge from the 
Upper aquifer over the catchment area was calculated 71 mm for the 
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water year. 
5.8 Synthesis 
The study has defined the general characteristics of the Kaituna 
Valley groundwater system, and has provided an initial estimate of the 
groundwater resources in this area. The maximum continuous pumping 
rate for 24 hours would be about 12 l/sec (safe yield of the well). 
This figure shows that the lower aquifer can sustain spray irrigation 
yield for only short periods of time and then the pumping should stop 
for aquifer recovery. 
Results indicate a higher transmissivity value for the upper 
aquifer compared with the lower aquifer. Seasonal and short term piezo-
metric fluctuations are greater at bores drawing on the lower aquifer 
compared with those drawing on the upper aquifer because of a differ-
ence in hydraulic conductivity and the distance from the recharge area. 
Piezometric levels increase with depth in the upper aquifer, 
indicating that an upward flow component is dominant in this aquifer. 
Therefore, it is inferred that the underlying deeper upper aquifer 
zones are generally acting as water feeding sources for upper parts of 
the aquifer. The bores within the lower aquifer show a decline in 
piezometric pressure with increasing bore depth (ie. a decrease in 
aquifer elevation). This indicates that recharge potential zones have 
a direct relationship with altitude. 
Increase in the discharge component of springs is mainly a result 
of an increase in piezometric head due to infiltrating rainwater. The 
spatial variation for spring E.3.1 and W.S.l is highly uniform compared 
with the other springs, and their discharge is continuous even in the 
summer. This is due to their longer flow path and larger storage vol-
ume. 
The groundwater recharge from direct infiltration through the 
volcanic fractures was proved to be the main recharge mechanism. Using 
the hydrological budget model for the monitored water year, the total 
rate of recharge to the groundwater system was 86 mm/y(applying the water 
balance technique). For the lower aquifer specific outflow was computed 
to be 14 mm/y. The upper aquifer shoWsa specific outflow of 71 mm, 
Qver the whole catchment for the water year. 
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CHAPTER SIX 
HYDROCHEMISTRY AND ENVIRONMENTAL ISOTOPE STUDIES 
6.1 Introduction 
Hydrochemistry and environmental isotope studies were undertaken to 
help understand the groundwater type and its history, water quality, and 
groundwater recharge source and ages. Water samples for chemical analysis 
were collected from a total of five groundwater wells, three springs and 
one surface water site. The collected samples were analysed by the North 
Canterbury Catchment Board on 24/11/86~ Water samples from three boreholes 
and three springs were also forwarded to the Institute of Nuclear Science 
for analysis for the stable isotope Oxygen-18, and the radio-active iso-
( 
tope Tritium. Sampling techniques for both chemical and isotope analysis 
are presented in App. 14.1 and the water sampling sites are shown in Fig. 
6.1. 
6.2 Groundwater Origin 
6.2.1 General 
Study of the spatial distribution of chemical constituents in 
groundwater is valuable in understanding the sources of recharge and flow 
paths. Without chemical analysis it is impossible to deduce whether 
Kaituna groundwater is recharged through volcanic rocks or if any mixing 
occurs with marine water or Canterbury Plains aquifers (Canterbury Plains 
groundwater flow direction is towards Banks Peninsula, Talbot et al, 1986) 
especially in the area close to the Lake Ellesmere. 
Samples for the hydrochemical analysis of groundwater were collected 
from the lower aquifer (M36/843, M36/734, M36/1344), upper aquifer 
(M36/1421, and M36/1436), and springs W.S.3, W.3.4, E.3.1 (Fig. 6.1). 
Chemical analyses of water samples which were run by the North Can-
terbury Catchment Board on 24/11/86 are summarized in Table 6.1 and 6.2. 
6.2.2 Groundwater Composition 
Groundwater classification is based on the percentage of dissolved 
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Table 6.1: Chemical Analysis of Groundwater Samples 
Chemical M36/834 M36/734 M36/1344 M36/1421 M36/1436 
Analysis 
Temperature (OC) 14.7 14.6 14.5 16 
pH 7.2 7,34 7.6 8.0 
Conduct i vi t y 
at 25°C (mS /~ 
31.4 55.6 73.7 48.9 
Bioca r bonate 190 269 205 
Alka 1 i ni ty 
(as HCO~) 
Nitrate Nitrogen 4.6 0.015 0.007 
* Chloride 34.0 130 110.0 58.0 
Sulphate 10 ' 7 9.0 6.0 
Total Hardness 77 150 228 95 
(as CX>3Ca) 
Calcium 15 27 40.0 15.0 
Magnesium 9.7 20 31.0 14.0 
Sodium 33 60 76.00 72.00 
Potassium 2.2 2.5 2.00 2.10 
Reactive Sillica 27.3 22 27.0 19.0 
(As Si02 ) 
Iron 0.05 0.24 2.50 0.30 
0.82 uf 
Manganese 0.6 (0.05 1.10 0.10 
Dissolved <0.005 0.130 0.128 1.03 
React i ve 
Phosphorous 
Total Phosphorous 0.031 o 182 0.750 1.1 
Total Organic 0.05 2.05 
Ni trogen 
Carbon Dioxide 10 11 3.0 
Note: Units in g/m3, *= less than detectable limit 
u f =-cc un f i I t e red sample, Analyst: N.C. C. B. (24/11 /86) 
14 
8.3 
47.9 
129 
0.1 
83.0 
10.0 
71 
14.0 
8.8 
63.00 
1.90 
19.0 
0.18 
* 0.40 
0.46 
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Chemical 
Analysis 
Temperature (OC) 
pH 
Conduct i vi t y 
at 25°C (mS /nJ 
Bioca r bonate 
Alka 1 i ni ty 
(as HCO;-) 
Nitrate Nitrogen 
Chloride 
Sulphate 
Total Hardness 
(as CX>3Ca) 
Calcium 
Magnesium 
Sodium 
Potassium 
Reactive Sillica 
(As 8i02 ) 
Iron 
Manganese 
Di ssolved 
React i ve 
Phosphorous 
Total Phosphorous 
To tal Organic 
Ni trogen 
Carbon Dioxide 
Note: 1. Units in 
Table 6.2: Chamical Analysis 
of Stream Water Samples 
Spring Spring S p ri ng Okana 
W.5.3 E.3.1 W.3.4 Stream 
lOA 12.2 10.8 10 
6.2 6.2 6.12 7.5 
10.1 11.6 10.1 11.3 
22 25 25 34 
0.36 0.26 0.13 0.11 
16.0 18.0 16.0 18.0 
<5 <5 <5 <5 
10 17 11 17 
1.8 3.5 1.6 3.1 
1.3 2.0 1.6 2.2 
14 17 17 17 
0.5 0.75 0044 0.76 
16 28 18 19.0 
0.09 0.29 0.60 0.15 
,0.05 <0.05 <0.05 <0.05 
<0.005 0.130 0.128 1.03 
0.065 0.102 0.091 0.039 
0.16 0.08 0.35 0.11 
37 25 28 2 
Analyst: N.C.C.B. (24/11/1986) 
1'13 
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ions. The triangular diagram of major-ion composition is presented in Fig 
6.2 and 6.3. For this classification, concentration in g/m3 are converted 
to milliequivalents per litre (meq/l) using the conversion factors pre-
sented in App. 14.6. 
Chemical analyses of groundwater from four bores and three springs 
were used for the classification. The triangular diagram indicates that 
the anions and cations are fairly consistent throughout the area. Sodium 
is the dominant cation and HCO-3' and Cl- are the dominant anions. 
6.2.3 Groundwater flow path and origin 
1) Background 
The minerals occurring in volcanic rocks (eg. plagioclase) are 
dynamically unstable and tend to dissolve when in contact with water. The 
dissolution process, which is strongly related to C02 concentration causes 
the water to acquire dissolved constituents (ions) of the host rock. This 
alteration results in production of clay minerals such as kaolinite, 
illite and montmorillonite. Major cations released to the water by this 
process are Na+, K+, Mg2; and Ca2~ Another consequence of the process is 
a rise in pH and in HCO-3 concentration. Based on these trends, the ionic 
composition of groundwater can be used to define the groundwater origin 
and flowpath. 
It should be noted, however, that the concentration of dissolution 
products, also depends the water flow rate within the volcanic rock. (ie. 
the solute concentration will be smaller at a greater flow rate). 
2) Calcium (Cl+) 
Ca2+concentration ranges between 1.8 and 3.5 g/m3 for springs, and 
between 14 and 27 g/m3 for groundwater from the boreholes (Table 6.1 and 
6.2). Calcium concentration values from borehole water are higher than 
those obtained from Canterbury Plains aquifers, whereas spring water cal-
cium concentration is less than for the Plains (Fig. 6.6). According to 
Matthess the calcium concentration in volcanic rocks is mainly held in 
plagioclase feldspar. In clay minerals (montmorillonite) calcium occurs 
as absorbed ions on mineral surfaces (Matthess, 1982). Bores M36/1344 and 
M36/1421 (within the lower aquifer and upper aquifer respectively) have a 
higher concentration of calcium which also suggests longer flow paths 
a: 1'136/73'-1 
b: t'136/13'-1'-1 
c: r'136 1 1 '-121 
d: 113611'-136 
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Figure 6.3 Triangular Classification of Spring Water (ion 
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(Fig. 6.7). Spring E.3.1 also shows a higher calcium concentration indi-
cating a longer flowpath (Fig. 6.8) 
3) Magnesium (Mg2+) 
Mg2+ concentration ranges Letween 8.8 and 31.0 g/m3 for waters from 
the wells, and between 1.3 and 2.2 for the springs. The main source of 
the magnesium is olivine-basalts rocks. Sea water is not considered as 
the source for Mg2+due to the piezometric gradient of the groundwater sys-
tem (sect. 5.3) in both aquifers. In spite of the higher solubility of 
most of its compounds compared with calcium, magnesium content is gener-
ally lower than calcium. This is due to the lower geochemical abundance 
of magnesium (Matthess 1982). Spatial distribution of magnesium (Fig. 6.9) 
and (Fig. 6.10) is similar to that of calcium. 
4) Sodium (Na+) 
Na+ concentrations for groundwater samples are presented in Fig. 6.4 
and 6.5, and range from 14 to 17 g/m3 where the source is springs, and 
from 33 to 72 g/m3 from boreholes. The range is distinctly higher in com-
parison to results obtained from the Canterbury Plain aquifers (Fig. 6.6), 
indicating a different recharge zone and origin. 
Three sources may be considered for high sodium concentration (maxi-
mum 76 g/m3 in well M36/1344) in the area; 
1) sodium could enter the groundwater system as a result of ion 
exchange with Ca2+ along the flow··path. 
2) sodium may occur as a part of the terrestrial dust in precipita-
tion especially in coastal area, however the amount will be small, 0.2 to 
a few g/m3 per day (Matthess,1982). 
3) A maximum sodium concentration can occur in association with 
Cl-1 ions (marine origin). Sea water dilution has increased the sodium 
concentration in the coastal areas. The volcanic rocks in the Kaituna 
Valley have been analysed by Sewell (1985). The volcanic rock is rich in 
calcium and sodium-plagioclase feldspar, which will increase the probabil-
ity of these rocks being a source for sodium concentration. 
However the pattern which was developed from the concentration of 
other ions remains the same {Fig. 6.4} indicating a longer flow path for 
water from well M36/1344 and M36/1421 (within the lower and upper aquifer 
respectively). 
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Figure G.9 ~omparisnn of Groundwater Magnesium Data 
3 
figure 6.10 Comparison of Springs Magnesium Data 
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The higher concentration of sodium for spring E.3.1 compared with 
the other spring analyses also indicates a longer flow path. This is also 
supported by spring discharge monitoring (spring E.3.1 has a minimum 
response to rainfall variation, Sect. 5.4). 
5) Iron (Fe2+) 
Fe2+ concentration in groundwater from boreholes ranges between 0.18 
and 2.5 g/m3, and from springs between 0.09 and 0.29 g/m3 (Table 6.1 and 
6.2). Within volcanic rock, preferential sources of iron are the dark 
coloured minerals, such as pyroxenes, biotite 
within groundwater samples from Kaituna Valley, 
obtained from the Canterbury plain aquifers 
and olivine. Iron content 
are higher than values 
(Fig. 6.6). Bore M36/1344 
shows an unusually high iron content in comparison to other wells sampled 
(Fig. 6.11). When drilled on 21/June/83, this bore was screened with 
stainless steel, excluding the possibility that an iron casing is respon-
sible for the higher content in this well. Instead the high value in bore 
M36/1344 is considered to be partly due to the longer water flow path, and 
partly due to deoxygenated waters caused by high microbial activity in the 
_confining clay. 
The spatial pattern of iron ;s similar to that of previous cations 
for spring W.5.3 and E.3.1, and spring W.3.4 shows a higher iron content 
(0.60 g/m3) compared with the other two springs (Fig. 6.12). This is con-
sidered to be due to a local change in chemistry of water (eg. a change in 
composition of volcanic rock along the flow path) rather than flow path 
length since it is not consistent with the previous results. 
6) pH and Bicarbonate (HCO-3) 
The incongruent dissolution of volcanic derived feldspars (eg. 
albit) involves the consumption of H+ (Increase in pH). 
As an example the reaction for dissolution of albite-kaolinite is 
given here. 
NaA15i308 + H+ + 9/2 H20 = 1/2 A12Si205(OH)4 + Na+ 
+ 25 (OH)4' 
Production of C02 in the soil zone (due to decay of organic matter 
and respiration of plant roots) is considered to be the main source of H+. 
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As this action proceeds, there is a progressive increase in pH and Biocar-
bonate alkalinity of water }Table 6.1 and 6.2}. Therefore groundwater 
with a higher pH and HC03- values would be expected to have a longer flow 
path. 
The pH values for groundwater from the boreholes and springs are 
presented in Fig. 6.13 and 6.14. Flow path interpretation using pH is 
consistent overall with the previous results obtained from cations. The 
pH value for well M36/1421 (within the upper aquifer) is slightly lower 
than that from well M36/1436, however the difference is not sufficient to 
alter the previous consistent assumptions regarding the flow paths in this 
aquifer. 
7} Chloride (Cl-) and Sulphate (S04 2-) 
Cl- and S04 2 are not significant constituents in basalt, hence 
there is no increase in concentration of these anions due to pathflow 
along volcanic rocks. An increase in Cl- can be due to the chemical evo-
lution of groundwater towards the composition of seawater with increasing 
age; 
As a result all water samples from bores show a higher concentration 
of Cl compared with spring water (Tables, 6.1 and 6.2). 
No direct seawater intrusion was detected in any of the groundwater 
samples. (the concentration value for sea water in coastal area of Can-
terbury Plains is 19000 g/m3, Talbot et al, 1986). However sea water 
dilution of groundwater recharged through the volcanic rocks is possible. 
6.2.4 Summary 
Study of the spatial distribution of chemical constituents in 
groundwater indicates a volcanic flow path and origin for water in both 
aqUifers in Kaituna Valley. No evidence of mixing of Kaituna groundwater 
with marine water or Canterbury Plain aquifers was determined. The hydro-
chemical analyses on groundwater water from boreholes M36 1344 (within the 
lower aquifer), and M36/1421 (within the upper aquifer) indicate a longer 
flow path compared with other wells. 
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6.3 HydrochemistrY and~ater Quality 
6.3.1 Water Quality Parameters. 
The hydrochemical analysis of water is of great importance in deter-
mining the suitability of a particular groundwater or surface water for a 
specific use (eg. public water supply, and/or irrigation application). 
The more important chemical constituents and the defined quality parame-
ters for their use as drinking water and for irrigation purposes are 
reviewed in this section. Water sampling sites are shown in Fig. 6.1. 
Surface water from Okana stream is used mainly as drinking water and 
its suitability for this purpose are also evaluated. Quality parameters 
for drinking water are mostly taken from "Drinking-Water Standard for New 
Zealand" (N.Z.D.W.S 1984) (APP. 14.2), which is based on World Health Orga-
nization Standards (APP. 14.3) with consideration given to New Zealand's 
local conditions of topography, land use, natural water quality and other 
relevant factors. 
In this classification "highest desirable" refers to water which 
would be generally accepted to consumers. Concentration of solutes higher 
than "excessive value" markedly impair the potability of the water. 
Irrigation water quality requirements differ between crop type, soil 
type and climatic variations, therefore the standards for irrigation water 
cannot be formulated precisely for different areas. However general 
guidelines are given by Ayers (1975), National Academy of Sciences 
(N.A.S), and the National Academy of Engineering (N.A.E)(1972) are consid-
ered for evaluation of water for irrigation proposes in this study. 
Guidelines tables are given in App. 14.4 and 14.5. 
6.3.2 Nitrogen 
Although some volcanic rocks contain nitrogen, most nitrogen found 
in groundwater is derived from the biosphere. The inorganic salts of the 
nitrogen cycle include nitrate (N032-) and nitrite (N02-)' In addition, 
ammonical nitrogen can exist as a gas (NH3)' which is highly soluble in 
water. 
Nitrate has been proven to be a health hazard when occurring in 
water at concentrations in excess of 10 g/m3 (N.Z.D.W.S). At higher 
nitrate level, young infants (less than 4 months old) are affected by 
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metahaemoglobinemia. In all water samples the nitrate content is less 
than the undesirable limit of 10 g/m3 . 
All water samples from the wells show a low nitrate nitrogen concen-
tration (<I g/m3) except that from M36/843 where the concentration is sig-
nificantly higher (4.6 g/m3 ). This uncapped well is located in grazing 
land with no cap and hasn't been used for about one year due to pump fail-
ure. The high nitrate nitrogen value here is assumed to be due to urine 
"spotting", a local change in chemistry of the groundwater unrelated to 
the recharge zone. It is still, however, satisfactory as drinking water, 
the nitrate nitrogen being less than the 10 g/m3 maximum given by the 
Drinking Water Standards for N.Z. 
Ammonia nitrogen is undesirable in water due to its taste and odour. 
The recommended upper limit for ammonia nitrogen in drinking water is 0.5 
mgll, according to World Health Org. 1963, (App 14.3). For irrigation 
water, ammonia nitrogen in excess of (>5 glm 3) may delay harvest time and 
adversely affect the quality of several types of fruits (eg. apricots). 
Water from boreholes and springs sampled in this study have an 
acceptable concentration of ammonia nitrogen for use as drinking water, 
except boreholes M36/734 (0.58 g/m3) , M36/1344 (0.95 g/m3) and M36/1421 
(O.55 g/m3 ). These are however in acceptable range for irrigation pur-
poses. 
6.3.3 Hardness as (CaC031 
The reaction of soap with calcium, and also magnesium, iron, manga-
nese, copper, barium, and zinc has led to the concept of water hardness. 
In general this property is attributed only to calcium and magnesium dis-
solved in water [Ca & Mg (H C03)2-], but it is usual to calculate it on 
the basis of calcium alone (Matthess, 1982). Water Hardness is specifi-
cally classified according to calcium carbonate content, with a highest 
desirable hardness level set at 80 g/m3 CaC03 for domestic user 
(N.Z.D.W.S). 
Hem (1970) defines the following water types with reference to 
CaC03; 
soft 0-60 g/m3 
moderately hard 61-120 g/m3 
hard 121-180 g/m3 
very hard >180 g/m3 
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Using thi~ classification, all springs sampled consisted of soft 
water (below "highest desirable" values), while bores M36/843, M36/1421 
and M36/1436 have a moderately hardness (Tables, 6.1 and 6.2). Bore 
M36/734 contained hard water (150 g/m3) and water from well M36/1344 is 
very hard at 228 g/m3 which is higher than the "excessive" limit (200 
g/m3) (Drinking Water Standards for N.Z, Fig. 6.15 and 6.16 ). 
6.3.4 Iron as Fe2+ 
The soluble ferrous ion Fe2+ is the common form of iron found in 
groundwater. When exposed to the atmosphere, Fe2+ is oxidized to the Fe3+ 
state which is insoluble and causes a brown discoloration of the water. 
Both corrosion of well casings and bacterial activity can also affect the 
concentration of iron in groundwater. The "highest desirable" value 
(according to N.Z.D.W.S) is 0.1 g/m3 with "excessive" content set at 1.0 
g/m3, as shown in Fig. 6.17 and 6.18. Iron concentration is more than the 
"Highest desirable" value in all water samples. Well M36/1344 (Fig. 6.19) 
exceeds the "excessive" values. 
Undesirable effects of excessive iron include taste, turbidity, 
deposits, and growth of iron bacteria. Recommended maximum limits of iron 
for permanent irrigation is 5 mg/l (N.A.S and N.A.E, 1972), and all 
groundwater samples tested therefore fall within the desirable range for 
irrigation purposes. 
6.3.5 Manganese (Mn2+) 
Soluble Mn2+ is oxidized to much less-soluble hydrated oxides upon 
exposure to the atmosphere, and forms black stains in pipes. The maximum 
desirable values of manganese for supply water is set at 0.05 g/m3 with, 
an "excessive" limit of 0.5 (N.Z.D.W.S). At these high levels manganese 
contributes undesirable taste, turbidity, and discolouration to the water. 
Springs and surface water from Okana stream have values less than the 
"highest desirable" limit. 
desirable value in all 
Manganese concentrations are greater than this 
boreholes, except for well M36/734 (Fig. 6.17). 
Bores M36/843 and M36/1344 contain manganese in concentration higher than 
the excessive level. The manganese concentration in groundwater from 
wells M36/843 and M36/1344 (Fig. 6.17) is also higher than the maximum 
recommended limit for water (0.2 g/m3) for permanent irrigation (App. 
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14.5) . 
6.3.6 Magnesium (Mg2+), Sodium (Na+), Calcium (Ca2+) 
Magnesium concentration in groundwater is relatively low compared 
with other cations (eg. Na 2+, Ca 2+). In all water samples tested, magne-
sium concentration is less than the maximum acceptable limit (50 g/m3) set 
by the World Health Organization App. 14.3. 
Sodium content for all water samples tested are lower than the 
"highest desirable" value (100 g/m3 ) recommended for drinking water 
quality (N.Z.D.W.S). Water with a sodium concentration higher than 69 
g/m3 is not suitable for irrigation especially if the water is absorbed by 
the leaves of crops (Ayers, 1975). Water from all wells except M36/843 
shows a sodium concentration which is unsuitable for irrigation purposes 
(Table 6.1). 
Calcium concentration values within groundwater samples and surface 
water fall below maximum acceptable values (75 g/m3 ) adopted by the World 
Health Organization (App. 14.3) for drinking water. 
6.3.7 pH 
The pH of groundwater samples and surface water falls below the 
"Highest desirable" limit (7.4 to 8.5) set by N.Z.D.W.S Corrective pH 
treatment is therefore not necessary. 
6.3.8 Sulphate ($042-), Chloride (Cl-), and Bicarbonate 
(HC03:..l 
Sulphate is a non toxic substance, however high sulphate water may 
have a laxative effect. Groundwater and surface water tested show a sul-
phate value which is less than the highest desirable limit (50 
g/m3 ) (Tables, 6.1 and 6.2). Cloride concentration is above the "Highest 
desirable" values in water samples from bores, M36/734 and M36/1344 (Fig. 
6.15). The taste threshold is reached at concentrations between 200 and 
250 g/m3 and corrosion of metal well casings may also result. 
Excessive bicarbonate content is defined as a range between 90 and 
520 g/m3 in water, making it unsuitable for irrigation and possibility 
causing white carbonate deposition on fruits and leaves (when applied with 
sprinklers). In all tested boreholes the groundwater had values within 
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the above range (Table 6.1), hence rendering it unsatisfactory for irriga-
tion, although it is at present being utilized\for this purpose. 
6.4 Environmental isotopic Study 
6.4.1 Methodology 
In addition to the standard chemistry of the groundwater and surface 
water, representative samples have been analyzed for environmental Iso-
topes. The term of "environmental isotopes" in hydrology is used to 
descr"ibe isotopes that occur naturally in the hydrological cycle (Lloyd, 
1981). The main hydrogeological objectives of this part of the study were; 
1) to define the groundwater sources, and 2} to provide age information 
about groundwater 
Due to lack of finance only Oxygen-18 (180) and Tritium (3H or TR) 
were used for these purposes and Deuterium (2H) measurements were omitted. 
Water was sampled from three boreholes (M36/734, M36/1344, and M36/1437) 
and three springs (E.3.1, W.S.3, W.3.4) the locations of which are shown 
in Fig. 6.1. and date is summarized in Tables, 6.3 and 6.4. 
6.4.2 Oxygen-18 (180) and Recharge Altitude 
I} Oxygen-18 (180) 
Oxygen-18 measurements are expressed as 6-values, representing parts 
per thousand difference between measured 180/ 160 and that of an arbitrary 
standard, the Standard Mean Ocean Water, SMOW. 
R{samples) - R (SMOW) 
61800/ =----------- -------------- x 1000 
00 R(SMOW) 
where 
R is isotope ratio of 180/160 
Precipitation falling at a high elevation is generated at colder 
temperatues and is more depleted in 180 than precipitation falling at 
lower elevations. This produces marked vertical concentration gradients 
in the atmosphere (ie. altitude effect). The 6180 of high altitude preci-
pitation near the Southern Alps ranges between 6-9.0, and 6-9.8 (Talbot and 
et al 1986), whilst for predominantly low altitude the 6180 is range 
between 6-6.6 and 0-7.4. Values of 6-7.8 to 6-8.6 are from moderate alti-
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Table 6.3: Isotope Measurements,~f Groundwater 
Grid. Ref. Bore No. Bore hole Bore hole Tri tium <5180 
(Sample) elevation (TR) ( 0°/00) depth (m) 
(m) 
M36 47 175 M36/734 21.3 10.5 0.90 ± 0.11 -7.32 
M36 844 165 M36/1344 30.0 6.45 0.03 ± 0.09 -7.21 
M36 823 150 M36/1436 90.7 3.25 0.01 ±O.OS -7.S7 
<5 values with respect to SMOW (for 180 ) 
E.g. <5 lS0 0/00 = [( 180/160 )Sample I( 1801 160 )SMOW - l]xlOOO 
Analyst: Institute of Nuclear Science. Date: 24111/86. 
Grid. Ref. 
M36 836 196 
M36 859 165 
M36 837 181 
Table 6.4: Isotope Measurements of Springs 
Spring 
number 
W.5.3 
E.3.1 
W.3,4 
Elevation 
(approx. ) 
(m) 
500 
400 
300 
Tri tium 0180 
(TR) (00/00) 
4.27 ± 0.27 -7.91 
3.98 ± 0.26 -8.01 
4.41 ± 0.29 -7.64 
o values with respect to SMOW (for 180 ) 
18 0 18 16 18 16 E g. 0 0/00 = [( 0/ O)Sample/( 0/ O)SMOW - 1J)(1000 
Analyst: Institute of Nuclear Science. Date: 24111/86. 
161.f 
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tude or water of mixed orlgln, therefore 180 values can be indicators of 
the recharging water altitude. 
2) Recharge Altitude 
During 1970-73 a number of groundwater sites which couldn't have 
derived in any other way but precipitation, were sampled within the Kaik-
oura, Wairau and Waimea Plains and the Tumarina Valley (Taylor et al. 
1978). On the basis of temperature correlations, results indicated a very 
unifor~ isotopic composition. It was deduced that the isotopic composition 
SI80=-6.2 would approximate closely to the mean precipitant-derived 
groundwater within the Canterbury Plains (Taylor et al 1978) 
In Kaituna Valley isotope measurement of spring W.5.3, which is 
located at an altitude of 475 m showed an oxygen-18 concentration of -7.91 
(Tables, 6.3 and 6.4). Chemical analysis revealed that the spring has the 
shortest flow path compared with the other springs sampled, therefore its 
oxygen-18 concentration is assumed to be the same for precipitation in 
this altitude. 
The relationship between the two measurements S -6.2 for precipita-
tion on the Canterbury Plains and the S -7.95 for precipitation at eleva-
tion 475 m on Banks Peninsula gave an approximate altitude gradient of 
-0.350/ 00 per 100 m for 180 (or SI80=-0.0035H -6.2) where H is elevation 
above mean sea level (Fig. 6.19). 
The computed elevation interpretation for springs water recharge 
altitude is presented in Table 6.5 
Boreholes g180 R.L Springs s180 R.L ) No. (m) No. lm 
M361,734 -7.32 320 W.5.3 -7.91 a75 M36Z1344 -7.21 288 W.3.4 -7.64 80 
M36/1436 -7.87 477 E.3.1 -8.01 517 
Table 6.5 Compute~ recharge elevation 
and sprlngs (R.l) for groundwater 
The Oxygen-18 concentration of groundwater from bore M36/734 and 
M36/1344 are less negative than the value obtained from bore M36/1436. 
This indicates water in wells M36/734, M36/1344 has originated from 
higher elevations compared with water from bore M36/1436 (Table. 6.5). 
According to Table 6.5 the spring E.3.1 is recharged from a higher eleva-
tion (517 m) compare with the other tested springs indicating a longer 
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flow path. The longer flow path for the spring was also supported by the 
water chemistry data (sect. 6.2) and springs discharge monitoring {sect. 
5.4}. 
6.4.3 Tritium {3H} and Groundwater Dating 
1) Tritium (3H) 
Tritium is produced in the atmosphere as a result of cosmic high 
energy radiation, and enters the hydrological cycle in precipitation. 
Natural levels of tritium have been significantly disturbed since 1952 
following the detonation of thermonuclear devices. The hydrogen bomb was 
found to introduce tritium of such an extent that it totally changed any 
natural background level. The tritium ratio in precipitation in the 
southern hemisphere, rose from 1.5 - 2.0 to a peak of about 40 in 1965 at 
Kaitoke near Wellington (Stewart and taylor, 1981). 
2} Groundwater Dating 
The TR {3H} concentration data from Kaituna valley is presented in 
Table 6.3 and 6.4 and are measured in units of TR where (TR= one atom of 
3H per 1018 atom of IH). Mean annual tritium ratio values at Kaitoke, are 
presented in Fig. 6.20. The TR value for all boreholes indicates that the 
groundwater was formed earlier than 1955 (30 to 35 years). Tritium values 
of the two wells (M36/1436 and M36/1344) lie beyond the detected age rang 
indicating that it has a mean residence time greater than 50 years (Table 
6.4), therefore bore M36/734 is relatively younger than the two other 
wells. 
The value of tritium for those springs tested are presented in Table 
6.4. All springs have tritium concentration close to the current rainfall 
concentration (Fig 6.20). Considering the mean annual tritium ratio, 
recharge for groundwater derived springs has been occurring within the 
last five years. 
6.5 Synthesis 
The comparison between the chemistry of groundwater in Kaituna and 
adjacent Canterbury Plains (Fig. 6.6) indicates a volcanic recharge path 
for the groundwater system in Kaituna Valley. The spatial pattern of ion 
o 
50 -
20 .-
2 
Kaitoke 
Range for 
precipitation 
in 1985 "_ 
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concentrations in groundwater derived from the lower and upper aquifers is 
different, due either to volcanic composition being different along the 
flow paths or to residual seawater in the lower aquifer. A longer flow 
path is find in bore M36/1344 related to the lower aquifer and bore 
M36/1421 related to upper aquifer. 
With respect to water use, if ground water is to be used for drink-
ing, it must be treated for excessive iron in well M36/1344, and excessive 
manganese in wells M36/843 and M36/1344. The sodium concentration in all 
bores (except M36/843) and bicarbonate content in all wells are too high 
for drinking water and not well suited for irrigation. 
SlSOvalues from aquifers and springs indicates that the predominant 
source of water in Kaituna Valley is from elevations between 320 m and 550 
m. Tritium measurements indicates that base and upper aquifer waters have 
an age greater than 30 years while springs indicate a water age formed 
within the last five years. 
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CHAPTER SEVEN 
SUMMARY AND CONCLUSION 
7.1 Project BacKground 
In the Kaituna Valley in recent years there has been a steady 
change in land use from traditional pastoral farming to more intensive 
forms of land use, including horticulture, market gardening and dairying. 
These changes have produced an increased demand for water, particularly 
groundwater. The present study was undertaken in order to provide an 
adequate data base to assess and delineate the groundwater system,andin 
order to provide an adequate data base to develop appropriate water 
management strategies for the Kaituna Catchment, and for other similar 
tributary catchments in an the BanksPeninsula. 
7.2 Hydrogeological Characterization 
Hydrogeological characterisation was mainly undertaken to define 
the geological controls on groundwater movement. The geologic frame work 
in the study area consists of volcanic lava flows and intrusive rocks, 
pyroclastic materials, regolith deposits and alluvial and coastal 
sediments. 
Two types of watEr flow were distinguished within the lava flows. 
Horizontal water flow occurs predominantly within the basal breccias and 
rubbly tops of the lava flows. Water flows to the south due to the 
gentle (6°-200)dip of the lava. Vertical water flow occurs within 
vertical shrinkage cracks within the lava. 
The main perching layer within the rock mass is ash and tuff. 
Volcanic colluvium which consists of poorly sorted volcanic fragments 
with less than 10% loess, is the most suitable medium for water flow 
among the regoliths. 
The alluvial and coastal terrain in the Kaituna Valley floor 
consist of a wedge of sediments resting on a lake ward inclined 
(southward) volcanic basement surface. Marine and terrestrial sediments 
within the area are related to transgressions and regressions of the sea 
level during the Pleistocene. 
Permeability tests revealed that the silty layers which cover the 
top part of the alluvial plain have a very low hydraulic conductivity 
from 1.13 x 10-6 to 1.15 x) 10-8m/sr 
7.3 Engineering GeophYsical Investigation 
Geophysical investigation consisted of, electrical resistivity, 
geophysical logging, and seismic refraction and reflection surveys. 
Profiles were carried out to complement geological observation in 
defining aquifer distribution. 
Correlation of geophysical logs between different holes defined 
lithological continuity and variation of valley floor sediments. The 
results obtained from the resistivity surveys indicate that the method is 
useful for the detection and delineation of near-surface gravelly zones. 
The technique was also successful for outlining courses of buried 
channels above the volcanic rock, where the depth to the bed rock is less 
than 40 m. Results were also quite satisfactory for locating the 
basement which underlies the lowest aquifer system in the area, at depths 
of less than 40 m. 
The two seismic methods (reflection and refraction) were in good 
agreement about depth to basement, with the reflection survey indicating 
I 
a maximum depth of 175 m for line CC . and the refraction survey 
suggesting a depth of 160 m to bedrock. The seismic reflection method 
proved to be of more use because it provides more detailed information on 
the sedimentation environment and lithology of the overburden deposits. 
Two main aquifer zones have been identified by the geophysical 
investigation. The Lower Aquifer overlies volcanic basement and 
consists of gravel and volcanic colluvium with thickness ranging from 2m 
(bore M36/1344) to 60 m in the bottom part of the valley (Geophysical 
logging and seismic linesAA' and CC ' ). The upper aquifer lies within 
the valley floor deposits. Consisting predominantly of gravels it has a 
uniform thickness (average 24 m from geophysical logging). Both aquifers 
are confined by marine clay. 
7.4 Surface Hydrology Investigations. 
Stream discharge monitoring and catchment meteorological studies 
(evaporation and rainfall monitoring) were undertaken to detect any 
possible interaction between groundwater and stream flow and to assess 
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the inputs and outputs of the groundwater system. 
The head waters of all tri butary streams are fed by spri ngs 
originating from volcanic and colluVial deposits. The rainfall data for 
the catchment suggests a positive relationship with height above 
sea-level (eg rainfall increases with increasing height above sea level). 
The total average rainfall during the monitoring period (June 1986 till 
May 1987) was 1900 mm and total evaporation over the monitored catchment 
was 860 mm. 
The total potential surface water resource is 429.8 x 105 m3 (1131 
Lit/Sec mean flow or 938 mm of waterfor thewhole monitored catchment). 68% 
of this is quick flow and the remaining 32% base flow. The spatial 
distribution of annual discharge is similar to the spatial distribution 
of rainfall and seasonal variation of flow is highly pronounced in the 
area. Small flow variations occur during summer, which indicates that 
low discharge is independent of storm rainfall, and is sustained by 
groundwater derived water (springs) during the dry season. 
7.5 Groundwater Investigations and Water Budget. 
Hydrological parameters of ~~th aquifers were identified using 
pumping, slug and free flow tests. The study has defined the general 
characteristics of the Kaituna Valley groundwater system, and has 
provided an initial estimate of the groundwater resources in the area. 
The maximum continuous pumping rate for 24 hours would be about 12 litres 
per second which suggests that the aquifer can sustain spray irrigation 
yield for only short periods of time, and then the pumping should stop to 
allow aquifer recovery. 
The lower aquifer has transmissivity values ranging between 4.8 x 
10-3 m2/s and 4.3 x 10-3 m2/s with an average of 4.45 x 10-3 m2/s. The 
upper aquifer has higher transmisivity values ranging between 2 x 10- 2 
and 4.9 x 10-3 m2/s and with an average of 14.5 x 10-3 m2/s. Results 
indicate a higher transmissivity value for the upper aquifer compared 
with the base aquifer. 
Seasonal and short term piezometric fluctuations are greater at 
bores drawing on the lower aquifer compared with those drawing on the 
upper aquifer because of the differences in hydraulic conductivity. and 
distance from the recharge area. 
Piezometric levels increase with depth in the upper aquifer, 
indicating that an upward flow component is dominant there. The bores 
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within the lower aquifer show a decline in piezometric pressure with 
increasing bore depth (decrease in aquifer elevation) indicating that 
recharge potential zones have a direct relationship with altitude. 
Increase in the discharge component of a spring is mainly a result 
of an increase in piezometric head due to infiltrating rainwater. The 
spatial variation for springs E.3.1 and W.S.1 is highly uniform compared 
with the other springs and their discharge is continuous even in the 
summer. This is due to their longer flow path and larger storage volume. 
The groundwater recharge from direct infiltration through the 
volcanic fractures was proved to be the main recharge mechanism. 
Using the hydrological budget model for the monitored water year, 
the total rate of recharge to the groundwater system was 86 mm(using the 
water balance technique). For the lower aquifer specific outflow was 
computed to be 14 rnm. The upper aquifer shows 71 mm total specific 
outflow over the whole catchment for the water year. 
The hydrogeological model proposed for the groundwater system (with 
a direct precipitation and infiltration recharge mechanism) precisely 
reflects the investigation results obtained in this study. 
7.6 Recommendation for Further Investigation 
The following points should be taken into account If future 
investigation in similar valleys on BanksPeninsula to be carried out. 
1) The monitoring of springs discharge should be undertaken 
throughout the catchment to locate those with a mi n i mum season a 1 vari at ion 
(a larger water storage capacity). These springs may then can be used as 
reliable water sources in the area. 
2) In future investigation cost effectiveness will be maximized if 
the following program is undertaken in conjunction with drilling. 
a) Constant head permeability tests should be undertaken when the 
drilling rig is still in position. The test should be carry out where a 
significant change in water hydraulic conductivity is observed by 
drillers (occurrence or loss of water) or where the available 
hydrogeological data suggest the existence of an aquifer zone. 
b) The presence of a engineering geologist on site during drilling 
is essential to obtain reliable geological and hydrogeological data. 
Core samples from a selected depth should be tested for laboratory 
analyses such as permeability and porosity. The laboratory results can 
then be compare to field permeability test for more accurate 
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quantification of lithological units in terms of aquifer, aquifuge, and 
aquitard. 
c) Resistivity logging should be performed before casing 
installation. This enables the measurement of a formation's resistivity 
which in turn can be used for better interpretation of surface 
resistivity measurements. 
3) It is recommended that stream gaging be extended to upstream 
areas where the water flows on volcanic basement, and volcanic colluvium 
which would enable more accurate documentation of the loss of water 
through joints and fractures within lava flows. 
4) Quantitative work, such as aquifer calibration, requires 
reliable water level contour maps. Where there is not a uniform 
distribution of exploited wells, explorative boreholes with a small 
diameter (eg. 50 mm) casing and screen, can be used for monitoring water 
level observations. On the basis of one year's records the observation 
network can be reduced by eliminating redundant observation points as 
well as boreholes that are unsuitable or uncharacteristic. The maximum 
17lf 
distance between observation pOints should be smaller than the distance II 
over which geologic aquifer characteristics can be reliably interpolated. 
The observation network should be located in order to be used as an 
observation well for future pumping tests. 
5) Pumping tests in this study proved to be of more use for r 
defining the hydrological characteristics of aquifers. Free flow and 
slug tests should be used to estimate the highest hydraulic conductivity 
of different aquifers. The wells with maximum hydraulic conductivity 
should then be tested by pumping tests to gather accurate data on 
transmissivity, storage coefficient, and safe yield of any aquifers. 
6) The monitoring of water quality by hydrochemical analyses of 
water samples taken from springs and exploited wells should be repeated 
at least twice per year to identify significant changes of chemical 
composition along the flow path, with time. 
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APPENDIX 1 
WEATIIER SUMMARY FOR LINCOLN STATION 
A.I Weather Summary For Lincoln Station 
(May - December 1986) 
Totals 
Rainfall 
Pan Evaporation 
Solar Radiation 
'Wind Run 
Penman 
Potential Deficit 
Temperature Sum 
Mean Temperatures ,T. 
Maximum,T, 
Mean,T, 
Minimum .T. 
Grass Minimum, T • 
Mean Wind Run 
Mean VP 
613.7 mm 
699.8 nun 
2941.8 MJjm2 
81050.0 km 
735.3 mm 
238.5 mm 
292.6 Day degrees C 
14.3' deg C 
o 
9.4 deg C 
4.4 deg C 
2.1" deg C 
330.8 kmj day 
7.5 mb 
Highest Daily Maximum, T, 28.1' on 20 December 1986 
Lowest Daily Minimum.T, -5.4 on 14 June 1986 
Lowest Grass Minimum, T, -8.6 on July 1986 
Number of Ground Frosts 85 
Number of Screen Frosts 52 
Number of Rain Days 98 
Highest Daily RaillfalLmm 41.5 on 25 November 1986 
A.l continued 011 next page 
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A.l continued: Weather Summary 
For Lincoln StL~lon 
(January June 1987) 
Totals 
Rainfall 
Pan Evaporation 
Solar Radiation 
Wind RUll 
Penman 
Potential Deficit 
Temperature Sum 
Mean Temperatures. T . 
414.6 mm 
697.1 111m 
2114.2 MJ 1m2 
62803.0 km 
548.8 111m 
134.2 mm 
2002.9 Day degrees C 
Maximum<T>" 15.8 deg C 
Mean<T) 11.1 deg C 
Minimum<T) 6.~ I deg C 
Grass Minimum<T) 5.iJ Jeg C 
Mean Wind Run 347.0 kml day 
Mean VP 8.9 mb 
. 
Highest Daily Ma.ximum<T> 30.0 on 15 January 1987 
Lowest Daily Mini111Um(T) _3.2' on 10 June 1987 
Lowest Grass Minimum<T> -5.0 on 3 May 1987 
Number of Ground Frosts 29 
Number of Screen Frosts 18 
N umber of Rain Days 69 
Highest Daily Rainfall 33.0 mm OIl 15 June 1987 
1B2 
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APPENDIX 2 
ENGINEERING GEOLOGICAL FIELD DESCRIPTION SHEETS FOR ROCK AND SOIL 
A.2.1 Description Sheet for Rock Material 
A.2.2 Description Sheet for Soil Material 
A.2.3 Terminology for Rock Mass Description 
.... 
Table A.2 
ENGINEERING GEOLOGICAL FIELD DESCRIPTION FOR ROCK MATERIAL 
WEATHERING STRENGTH GEOLOGICAL CLASSIFICATION 
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APPENDIX 3 
FALLING HEAD PERMEABILITY TESTS 
A.3.1 Test Procedure 
A.3.2 Permeability Conversion Chart 
A.3.1: Falling Head PcrIDcamcter Test Procedure 
To obtain the coefficient of permeability of fine grained soils 
a falling head permeameter is used. 
This apparatus consists of a cylinder of 76 or 102 mms 
diameter, having a head and baseplate clamped on. The baseplate 
is drilled to pass water, and a piece of wire screen cloth is' placed 
on top of this under the soil specimen. The head is fitted with a 
glass standpipe, and the underside of the head is formed to a 
conical shape to facilitate displacement of air from the cylinder. 
Special techniques are needed to measure the coefficient of 
permeability of an undisturbed soil in the laboratory. For the 
purposes of this laboratory experiment, moist soil will be 
compacted into the cylinder using standard Proctor compaction; 
the coefficient of permeability obtained will therefore be for 
remoulded recompacted soil. 
The soil is compacted into the cylinder and screeded off level 
inside, and the height of the soil is measured. The cylinder is 
filled with water, the head is placed in and tightened down, then 
the apparatus is topped up with water through a small-bore 
plastic inserted down the standpipe into the cylinder. The plastic 
tube is withdrawn leaving the standpipe filled with water. 
The height of the water above the baseplate is noted, 
together wi th the time.' At some later time the height of water is 
again read. The normal temperature for the test is 20°C. 
If a is the internal area of the standpipe in sq. m111S, 
I is the thickness of the specimen in mms, 
A is the area of the sample is sq. mms, 
t is the time interval in seconds, 
HI is the initial height of the water in the standpipe 
above the bot tom of the sample in nuns, 
H2 is the final height of the water in the standpipe 
above the bottom of the sample in mms, 
and k is the coefficient of permeability, then 
k - (ai/At) loge(Ht/H2) 
2.3 (ai/At) IOglO(I-It /H2) mm/sec. 
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Table. A.3.2 Pe~meability Conve~5ion Cha~t 
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A.4.1 Methodology 
A.4.2 Results 
APPENDIX 4 
GRAIN SIZE ANALYSIS 
A.4.3 Textural Terminology 
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AA.l: Methodology For Grain Size Ana.lysis 
1. Methodology 
The (l.naly~is of samples pa.ssing --3 phi scive were carried out. Gravel 
and sand fractions were dcLermined hy dry sieving using 1/2 phi 
sieves from -3 phi to 4 phi. SilL and clay fractions were 
dcLermined by hydrometer analysis. 
There was a tendency for aggregates and partia.lly wea.thered 
materia.l to break down with continued sieving; therefore in order 
to avoid bias all satnples were mechanically sieved for a standard 
period of fifteen minutes. 
Disa.ggrcga.tion for hydromcter analyscs was done by hand in 
a. solution of distilled water and deftocculent (ca.lgon). The silt/clay 
boundary was takcn as 0.002111111 (9 phi) rather than the 
traditional sedimcntary boundry of 0.0039 (8 phi). 
A4.2: Results 
Grain size distribution curves for soil maLerials a.na.lysed are 
included in the following pa.ges. The results arc summa.riscd in 
table. 
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A.S.1 Caliper Log 
The Caliper Sonde ;s a tool about two metres long with three spring 
tensioned feelers at one end. These feelers move in and out as the tool is 
raised in a borehole and the bore diameter is recorded on the chart 
recorder above. The sensitivity of the tool can be adjusted to suit the 
bore size and to show smaller features such as welds in the casing if 
required (Simpson, 1987). 
calipor tool: variable resIstance 
'\ 
'\ 
movIng calipor arm ~, 
fig: A.5.1, Schematic caliper tool showing the conversion of n 
mcchalllclli movement lo an electrical signal lIsing a variable 
resistance (after Rider 1986) 
A.5.2 Natural Ga~na 
Natural Gamma radiation in rocks comes essentially from only three 
elemental sources: the radioactive elements of the thorium family, of the 
uranium-radium family and of the radioactive isotope of potassium 40 K 
(Rider, 1986). 
A.5.2.1 Tool 
203 
Gamma ray tools consist essentially of a sensitive gamma ray detector, 
generally a scintillation counter made with a large sodium iodide crystal. 
When a gamma ray penetrates the crystal it produces a flash of light, which 
is then converted to an electric pulse by a photoelectric cell. The tool 
literally "counts" the gamma rays (Rider, 1986). 
A.5.3 Gamma-Gamma (Density) 
The density log is a continuous record of a formation's bulk density. 
This is the overall density of a rock including solid matrix and the fluid 
enclosed in the pores. Geologically, bulk density is a function of the 
density of the minerals forming the rock (ie. matrix) and the volume of 
free fluids which it encloses (ie. porosity) (Rider, 1986}(Fig.A.5.3) 
A. 5.3.1 'Source 
The density tool had a collimated sodium iodide (thallium activated). 
gamma ray source. 
A.5.4 Neutron 
The neutron log provides a continuous record of a formation's reaction 
to fast neutron bombardment. It is quoted in terms of neutron porosity 
units, which are related to a formation's hydrogen index, an indication of 
its richness in hydrogen. 
Formations absorb neutrons rapidly when they contain abundant hydrogen 
nuclei, which are supplied by water. The log is therefore principally a 
measure of a formation's water content, be it bound water, water of 
crystallisation or free pore water (Rider, 1986}(Fig. A.5.4) 
A.5.4.1 Tools 
The neutron consists of a fast neutron source and the two detectors. 
The source bombards the formation's with fast neutrons, and the detectors 
register the degradation in energy of the neutrons as they pass through the 
formation. 
The source used was plutonium-beryllium (PuBe) or americium-beryllium 
(Am-Be) (Rider, 1986). 
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APPENDIX 6 
RESISTIVITY SURVEY 
A.6.! Resistivity Equipment 
A.6.2 Electrode Arrangements 
A.6.2.! Wenner Array 
A.6.2.2 Schlumberger Array 
A.6.3 Resistivity Sounding Curves 
A.6.4 Resistivity Standard Curves 
A.6.S Curve Matching Technique 
A.6.6 Tables of Measured Apparent Resistivity and Electrode Spacing 
used for the Schlumberger and Wenner Soundings 
A.6.7 Modified Computer Resistivity Models 
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A.6.l: Resistivity Equipment Specifications 
This section presents specifications for the Terrameter SAS 300, 
Terramctcr SAS 2000 Booster, Terrameter SAS LOG 200 and UBC 
Universal Battery Charger. 
Terrameter SAS 300 - Specifications 
Transmitter: Selectable currents 
Receiver, voltage 
measurement Input impedance 
Input ranges 
Precision 
Receiver, resisti-
vity measurement: 
System data: 
Temperature 
range 
Power suppiy: 
Battery capacity 
Weight: 
Dimensions: 
Noise rejection 
l:l.V /1 range 
l:l.VjI 
Selectable cycle 
times 
Selectable total 
averaging period 
(1-{54 readings) 
Accuracy 
Within specification 
0.2, 0.5, 1, 
2, 5, 10,20 rnA 
Voltage, max 160 V 
(320 V p-p) 
10 MO, min 
1, 10, 100, 500 V 
± 0.00001 V 
(1 V range) 
95 dB at 50-{50 Hz 
85 dB at 16-20 Hz 
1 0, 100 0,10 kO, 1 MO 
0.0005 ° (1 Orange 
20 rnA, one reading) 
3.6, 7.2, 14.4 seconds 
3.6-920 seconds 
±2% ±precision 
0 ..... +600C 
Operating-100 ... +70oC 
Rachargeable 12 V 
battery 
3500-5000 single cycle 
measurements per charge 
5.6 kg incl battery 
WxLxH 10x325x300 nun 
A .6.1 Continued: 
Terrameter SAS 2000 Booster - Specifications 
Transmitter: 
System data 
Temperature 
range: 
Power supply: 
Battery capacity 
Weight: 
Dimensions: 
Cable length: 
Logging probe 
diameter, max 
Survey modes: 
Weight: 
Dimensions: 
Selectable currents 
Voltage, max 
D. V /1 precision 
D. V /1 accuracy 
Within specification 
0.2, 0.5, 1, 2, 
20, 
50, 100, 200, 500 rnA 
400 V (800 V p-p) 
0.00002 n, (1 n ran&e, 
500 rnA, one reading) 
±2% ±precision 
00 ... +600C 
Operating -10° ... +700C 
Rachargeable 12 V 
battery 
800-3500 single cycle 
measurements per charge 
6.3 kg incl battery 
WxLxH 105x325x300 mm 
Terrameter SAS LOG 200 - specifications 
-Not used· 
-16" short normal 
-64" long normal 
-18' lateral 
-Fluid resistivity 
cell 
Self potential 
Temperature, range 
Temperat ure, 
pr e cision 
Temperature, 
pI' e cision 
Temperat ure, 
ac curacy 
200 m 
35 mm 
0.05-100,000 m 
0.5 -100,000 m 
0.5 -100,000 m 
0.05-100,000 m 
0.05-100 mV 
0° +500C 
±O.OloC (00 ... +200C) 
±O.loC (+200 ... +500C) 
±loC 
14.0 kg 
WxLxH 880x440x230 mm 
207 
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Potential electrode tel~nals 
CYCLFS selector Resistivity range Desiccator cartridqe 
Fig A6.1a SAS 300 controls and terminals 
Battery voltage test terminals CUrrent electrode tennlnals 
Desiccator cartrid~~ 
SAS 2000 Booster controls and terminals 
Input 
Output 
A.6.1 continued: 
UBC Universal Battery Charger - specifications 
10-30 DC, from any battery or other DC supply 
Or, 
100-240 V AC, 47-63 Hz, from mains 
Two seperate charging circuits (outputs A and 
B), 
each of which provides provides 400 rnA ± 5% at a 
maximum output voltage of 15 V 
Or, 
Single char,gillg circuit (output A) which provides 
400 rnA ± 50/) at a maximum output voltage of 36 V 
Cell temperature 0 to +650C 
Overheating 
protection: 
Fuses 
Internal protector cuts off input current 
15 rnA fuse for AC input 
2.5 mA fuse for DC input 
Two indicator lamps 
when charging 
Dimensions: 
Weight: 
One LED for each output lights up 
when charging current exceeds 280 mA 
WxLxH 125x80x220 nun 
2.4 kg 
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A.6.2 Arrangements 
A.6.2.1 Wenner Configuration 
The Wenner arangement uses four electrodes equally spaced along a 
straight line. It is designed to measure the potential difference (V) 
between M and N, with spacing between adjacent electrodes designated nAn. 
(apparent resistivity) P = 2 TT A(V/I) = 2 1T AR (R:resistance) 
The Wenner Configuration has the disadvantage that lateral 
sub-surface variations can be misinterpreted as depth variations. Some 
protection against this possibilty can be obtained by taking measurements 
along two perpendicular lines. 
In a Wenner Electrode Configuration, the outer electrodes serve as 
the current electrodes and the two inner electrodes serve as the potential 
recieving electrodes. In use, a theoretical ellipsoid-shaped electric 
field'is induced between the current electrodes while bowl shaped 
equipotential surfaces are induced around each current electrode. 
Measured from the centre position, each potential electrode (PI, P2) 
is at a distance A/2 and each current electrode (CI' (2) is at a distance 
3A/2 (Fig A.6.2). 
A.6.2.2 Schlumberger Configuration 
The Schlumberger Configuration is symmetric, colinier, and uses four 
electrodes A, M, N, and B. The two measuring electrodes are closely placed, 
midway between the two widely spaced current electrodes. The arrangement is 
designed to measure approximately the potential gradient at the mid-point 
of the current spread. A current I is passed through the ground (A and B), 
and the voltage drop ~ V between M and N associated with the ~lectric field 
driving the current is measured (Fig. A.6.2). The apparent resistivity, 
Pa given by the following equation is calculated for each set of four 
electrodes. 
Pa = IT /MN ((AB/2)2 - (MN/2)2) ~ V/I 
The advantages of this configuration lie in the fact that only the 
current electrodes are moved. The potential electrodes remain in their 
original positions, or at least are moved a minimum number of times during 
a given electrical sounding. The ratio L/MN is kept within the limits 5/1 
and 30/1. The potential electrodes are moved only when this ratio becomes 
toohigh. Use of the configuration is fast, economical and accurate. 
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A.6.5 Curve Matching Techniques 
The first method for quantitative interpration is called curve 
o 
matching. A graph of the field readings is matched against a theoretical 
graph which has been computed for particular layer resistivities. If a 
match can be obtained, then the subsurface structure is assumed to be 
identical with the theoretical structure. 
The process can be best carried out using double-logrithmic paper. 
The reason is that the shape and size of the theoretical curves become 
independent of the units' of measurement for this type of paper, so that any 
one theoretical curve can be used for interpreting many different 
sub-surface structures. 
A set of theoretical curves is shown figure A.6.4 for a two layer 
structure. 
A two layer structure means that a uniform surface layer of 
resistivity PI, overlies a large thickness of material with resisivity 
P2' Interpretation is carried out as follows: 
STEP 1: Plot the field data (apparent resistivity against electrode 
separation A or AB/2) on the same size of double logarithmic paper that has 
been used for the theoretical curves. 
A different size of paper or a paper with a different number of 
logarithmic cycles may be used if the logarithmic cycles are identical in 
size on the theoretical and field sheets. 
STEP 2: Superimpose a sheet with field data onto the sheet with the 
theoretical curves. It may be convenient to use a window or a light table. 
STEP 3: Slide the top sheet over the bottom sheet until the field 
curve matches one of the theoretical curves. Keep the axes of the 
graph paper parallel. Often, it will be possible to match only that portion 
of the field curve corresponding to the smaller electrode separations. This 
means that the subsurface structure includes more than two layers, and that 
more complicated theoretical curves will be required. The two layer 
interpretation will give useful information on the shallower sub-surface 
materials, however. 
STEP 4: On the graph of the field data, read the number. along the 
vertical axis which overlies the horizontal heavy black line on the graph 
of theoretical data. This equals surface-layer resistivity, Pl' 
STEP 5: On the graph of the field data, read the number along the 
horizontal axis which overlies the vertical heavy black line on the graph 
of theoretical data. This gives th~ best estimate as to thickness of the 
surface layer. 
STEP 6: Make a note of which theoretical curve provided the best 
match. Each curve is identified by a number which specifies the quantity 
(P2 - Pl}/(p2 + PI) 
Since PI is now known, P2 may now be computed. This gives the 
resistivity of the material beneath the surface layer. 
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.., 107. :3 O;!.. 7 37. £, 'l3. 7 4'1. ,:;,. 
~.2 :~;3. I 1 :L:::' • 3 ~,2. I) 36. £, 42- 1 40. b 
4fl 27. " 1 16. 1 :51 \] 35.9 39 .. I ;~,B • 4 "- . 
1"11'1"" 1 Om 
~:'2 2:~ .. (J 1 14. b =:~2. 7 :~;B • 1 Il2. 1 37. 7 
40 ~''l'~~ I 110. 0 ~)2 .. r::- 3B. (I 40. 7 -:t'1'~ 1 ",:: •• _t .. ,_J __ '".J .. 
~,o 2B. B :l 1 ::;" :::; 54. 'I 3B.H 40.0 :54. ,~ <. 
6' ~:o" -'" 4 1 :I. 1 t~· 39. e 41 4 40. 4 :37. '''\ -_f . ..,; •... :- .. 
· 
.J oJ . L 
80 39. '1- 108. ,~ 66. 1 'It. 1 'I ,-, 0 L . -.<.. 
11)0 4/,. 0 72. 1 4:3. 5 47. (I 
12~, ~;~:; .. 1 1.6 .. 2 5::! .• 7 
--------:-----------------------------------------------------------: 
2'il 
{:l. b. 6 TABLES UF ~EArnJRED APPARENT RESISTIVITIES AND ELEClnODE 
SPACINGS USED FUR T~E SCHLUMOERGER SUUNDINGS 
I --------1-----------------------------------------------------------1 
Apparent Besi ati vi ti f~5i, Ot'lIO. m 
IElectrodel ----------------------------------------------------------I 
:5pacing~ I Sounding NU~Jers 
IAB/2, m ----------------------------------------------------------I 
I<F'I KG4 I<AS I<C5 
1 --------1---------1---------1---------1---------:---------:---------: 
INN"'!). :'::m 
1 1 10. (I 153. 5 
1 .. 25 a::'i • 7 129.0 
1 . 6 74. EI 90. 4 
." 71 71 'I L 
· 
'.~' 
· ,,' 
..t,.. 
It;:--
.J 6E1. 9 57. t::' .J 
~,. 
." 65. 4 5:3. ,t 
.. ' . L 
'I 6'" ,t •• f~ ~j 1 
· 
9 
'" 61 '" 1;';:""'1 :) J 
· 
~I .. JL. .. 
6. 3 57. 6 :"i4. (I 
B :')4. 4 s:'.). 6 
10 _r::"-:o' 1 ~:;O .. '~ \J.,;. •• "'. 
12. r.:' J 5'1. 0 51 
· 
1 
INN:3. 2m 
10 ~;U. B 5El. I) 
12. t::' .J 513. 1. ,,;;1::" ,:JJ • 9 
16 56. (I 5::~. ~3 
20 r::- "'1 __ 'L. {, -l8. 1:.1 
"',t' 51 "T 47. 0 ~o.:. . ... J 
· 
-,,' 
..,...'\ 
... )..::' '16 • ,I ::';fj • I;, 
40 4" . ~;. .. :3 :36. ,l 
I"IN'" 10m 
~:r ~'l 
. .:.. ~~~ 4:::'. 9 ;:,0. 6 
'10 , 'I (I. 9 34. 1 
.. ' 
~)O 37.0 ~~~O .. " , .. ' 
6:::; :}." . 1 :::'0. (I 
tit) 7'':'' '.)'-' .. (I :511.0 
1(10 ',""'7" -~ ::;.7. {, .,;, ... ~ ... 
' ... ' 
12~i 3~1 .. ::) ":O'r~ 1':::-'~',.J .. .J 
Il'lN::<:,2m 
100 
12~:) 
160 
200 
02. 5 1'10. 4 
54 . a 1 1 ") ~. 9 
:'::6. "" d 'JO. 1 
29. 7 9·~ Om'. ") 
2~.). 4 BU. 3 
23. 5 73. b 
20. 9 70. :3 
Ul. a Ml. 7 
1 <~ • 7 t8. :3 
if:l. 1 67. 0 
17. 2 66. 7 
1 [I. e 61- 4 
14. 6 T5. " J 
11.3. (I 67. 1 
iB. I) 6'''' ",::. .. :3 
20. (I 59. r;:-d 
... ., ••. \ ~':<" 
~f...L. <If •• ;. 6:1 . "7 
""I'!,:, 
.. :"1-'" i, ~jB. (I 
2B. 6 56. 9 
",\f":~ 
'£', •• 1 • ~) 54. 9 
~~(1. -, c"""':'" ., ~'" ... J,_'" .. .. ~. 
32. (I 57 .. ~5 
:;Y7. 5 6~5 .. ~5 
70. i 
62. 7 
51. B 
40 . . " ,~ 
37. 3 
~ .. !!' 
--"-' .. 4 
30. (I 
:2.1 
· 
5 
32. 4 
:59. 5 
4:5. 6 
46. 9 
46.6 
"~"l 
.... ~- .. 4 
:.:: 1 
· 
7 
34. .. , .... ' 
:5!5. 1 
36. 1 
3'Y. 1 
40. 7 
37. 4 
:m.6 
4(1. 4 
'14. 6 
51 
· 
<} 
~:;B. 8 
64. (l 
C' ~', 
"J..::' .. 'f 
60. 4 
6'7. 7 
"'6. 1 
76.8 
69.3 
51.2 
44.8 
37.B 
:5:3. '7 
~52. 2 
3J.6 
35.3 
37.7 
41.9 
4().5 
313.7 
~J.7. 7 
'12.9 
42.7 
:5B.2 
4:'~. 0 
37.7 
:58.6 
4'1.7 
48.6 
~)~.5. 1 
59.5 
64.5 
5 /1.4 
Sf}. 1 
7B.4 
90.7 
250 1 : : : : Y7.5 97.8 
--------1-----------------------------------------------------------; 
2'1:2 
HH)LEU OF MEASUHED AF'PAHENT m.:::S HlT I V I T I EB AND ELECTI\()DE 
SI"AC I NGS USED FOB THE BCHUJI"IBEBGEB SOUNU I NGB 
1 --------;-----------------------------------------------------------1 
"lppar-ent B£~sistiviLies, ohm.1ll 
lElectrcdel ----------------------------------------------------------I 
; sp ac i nq, 1 Sound i ng NUllIllen;.; 
lA8/2. m ----------------------------------------------------------I 
1<[);3 VE6 1:::I37 I<C7 
: --------;---------1---------1---------1---------1---------1---------1 
0 I-'N==O. ::;,rn . 
1 97. '-, "';, 1-/9. 1 f14. 4 7B. 1 ~j 1 
· 
1 142. ,-, L 
1 ""r;' 76. 4 164. :5 5(3. 9 ~m. 1 4-1 9 1 1::; • 'I . J~ oJ 
· 1 . 6 !50. r;:t ._J 1 :}2. B ::;:1. ~:r ..... 3t). 'I 30. 9 713. 9 
,-, 
/ ... 49. n 1 14.5 '",\1::-.L .. J .. (I 20. B 21 
· 
B 57. 4 
.... :.,. ~.) 44. 4 91 . :::; 17. '1 17. 6 17. (I :56. 7 
.:; .... L 11 1 {, 70. q 1:'; • 9 15. (I 12. U ""\"'!O" 'I . L ~:. . ...; ... 
4 :3Cl ... ..,.. 46. l] 12. 1 1/~ • 9 1 1- "7 1 ~,:; to 9 . ..;. 
r.:~ ::;0. 5 :37. (;, :I 1 B 16. (I I 1 .5 13. 1 oJ 
· b. .~. :8. t~~ ._J ::;0. 4 1'-:> " . t:3 16. 1 .I :I 7 l:Z • 5 
IJ ~)9 • 4 27. 1 n. 'I 1.5. 9 12. 7 1 ,-, c' ... :. .. -,' 
10 '"':'l'r:" ,-' ... .1 • ~~ 
--' 
2~.). 7 16. B 17. ''1 1 :;~. 6 12. "7 I 
12 .. ~5 :3A.O 26. '-' 15. 
,." 20. ~) 1 4. 7 L'. ~) L 
: MN"<!.. 2m 
10 ~!.O • 6 24. 3 15. t) 11. S 12. ''1 12. .~ oJ 
.I :~. t·.~ ::;0. 1 ~~il. 1 16. 't 1 <r. .~ 1/1 • . ..;  1 :5. 6 .J .. :~ 
16 27. 3 ?'\r.'.-:- ,., 1 El. I) . , ... ~ :3 16. r.=:' 14. 8 ~:w • L .I.~L • ,J 
20 2!5. 'i 2[i. .. " :;: J 7 24. 4 17 • I.> 1::';. 'l L 
..,r. 26. I) :':;2. 4 ,- "7 , .. \t.::- I 19. (I 17 • " L...J ... :. ' ...... ..:: . ...1 .. L 
-:J"'" ·~,r.::' 1 36. I::. ,..\t:::- 1 ~~8. 6 21 1 19. 4 ~"k. .!."-.J .. L •. J. 
· 
Lll) ~r:,:' 1 11:3. ., 21,. 1 30. 7 2~). 5 21 {, L.J .. L . 
MN'" 1 (1m 
"!'"'''' :;'.0. I :':.7 • 7 2!:, .. 1 ,_ .. 4, 2'1. :3 21 
· 
9 1 '';> • 3 
40 32. ,;., .. 4-1. t:~' d Ll, .. (, /.~/~ .. -7 :24. I 21- 9 
!:!jO :S7. 2 4-7. (I 2(7. '" 27 .. 2 27. .-, 24. 7 
-"-
.. : 
l:t:~; 48. 9 4 '1. 6 :51 
· 
(I 20. !5 27. 
" 
20. I) 
80 7b. 5 t,:-:- r.~ \-,\-, .- " :~;::. ,. (l 2B. ~) :S 1 0 ::'L (I 
100 T7. 9 62. 7 :~;:3. 7 :_::1 -~ 
-;", ... ,. 1 34. 5 . "~ ,-"'-" . 
1 ""C:-' :::.~3 • r' 3-1. .. ~ :36. 'r 36 . 1 L ... J d '-' 
: '-IN'''':32m 
11)0 ::::4. (I ::;4. "' ":<"~" r --' 'M;>''':'. w 
1 ~~~~; I 6~::j. !5 36. 1:1 "":"t'::' ,:.;~,. 6 
160 31::1 • 
.. ~ 39 .. B ::;8 • . ., .. ;. "-
200 4'-' . L. 1:1 44. '7 37. I 
2~50 ~)1 
· 
2 r::':'"", ~'L.. .. :3 45. 8 
________ : _____________________________________________ --------------l 
2'i3 
A.b.b H)DI-ES OF MEASUHED APpm~ENT HEBH3T1VITIES ANn ELECTBIJDE 
SPAC 1 NGB USED FD" TilE SCIILUMDEHCiEI\ SOUND I NbS 
: --------I---------------~-------------------------------------------1 
(~pparent. Fi:f-]si st i vi t:i es, ohm. In 
IEleclrodel ----------------------------------------------------------I 
lspacinq, Soundinq Numbers 
IAB/2, m ----------------------------------------------------------I 
1<07 KE7 I<F7 1<1- I(VI 
: --------1---------1---------1---------1---------1---------1---------1 
It-IN""O. '::'111 
1 l.4r~ • (I 209. '? 20'1'. B 20. IJ l:.. '·'1 ~.~ :.l .... _,;!:. • 2 2'1. 1 
1 • -~ r.:: 1 1:3 • (I 1 ::r.U. 1 15~$. I:] 16. I] 470. 4 14. I) . ....:..J 
I . '-' BO. 0 B7. 4 1 ,~" k£.. .. 9 :t 1 · {, :392. 0 10. 4 ,.., 52. :1 51. 
" 
9:',). 7 10. 3 26~) .. 5 10. (I 
"-
-, 
.,,:, . ~~j :32. n 24. 
" 
70. 1. 9. (I 20~:J .. '7 1 (I. 9 
"":"" , .. , 10. 9 1 1. 7 5:3. '" 8. 2 1/.,:':; • ,-, 12. :3 "-' . ..I:':. 
· 
oJ "'-
if 1 0 ) ,- . 9 7. 4 41 
· 
(I B. -, I_"~-). 
" 
13. (I 
1:";" 10.0 b. U 3:5. (I 9. 0', 1 :}<l. (I 1 ~.j .. -, d L "-
6. ":! 9. 4 6. 6 21'1. (I 10. 1 129. 7 13. 7 '-' 
IJ 9.5 6. e oJ 2~5. 1 1 I 
· 
-. 
'-' 
121::1. 1 D. 8 
10 1. O. (I /:., . :3 20. <I 1 '" L. 6 1 1 ., L. 6 14. 7 
1 "-, "'- 10. b 6. ~5 lB. f3 13. 5 102. -, 14. 3 .• L. d ~, 
: liN"':: .• 2m 
10 12. 1 D. 5 "·.,r';i "_IlL. I] 12. "" oJ 140. 3 1 ~5. 7 
12. e 13. 1 '1. ~ 20 .. (I 13. 7 124. 5 15. I, oJ "-
16 14. (l "1. 4 1 '1. :5 1:'j • '] 101 . 4 15. 2 
:20 1 4. ''I 10. " 19. B 16. 9 El7. B 15. 
-, 
~:. "'-
,.',r:;:-
"(: ... .1 16. 1 10. IJ 20. 6 17. 8 74. 9 1 :5. :3 
:,2 11. '7 1 t') .-, 21 8 I':]. :2 ,0 . . ~ 15. :3 .,oI;~ .. ""_ 
· 
;:.. 
40 1"/. I) 1 -" ....... El 2::~j .. "'" .J 21. U -'6. 5 15. 7 
111\1== 1 (1m 
'":!"l 17 • <I 14. I) 21 c:':' 19. 1 64. 
.,.. Ih • " 
,,;.£:. 
· 
d 
-' 
..::' 
'10 i'l. ,,, 1 ::j. -, 2:3 .. 5 21 
· 
:3 bb. 'l, 16. 7 
~:JO , .. , .. " B 17 • -, 2~5. '7 ~~:') .. 7 01 . 6 19. 4 ",:.,', . 
6::- "',f';:' '" 21 .~ :,~n. 7 27. 4 06. 7 .. ",'''' 
., 
... ..:.. ... , .. LC 
· 
. , . ,,;,,-.J • L, 
UO 20. ~:; '""'\r,~ B ~'!' ..... 
,., 
:':;(1. 4 7b. ! 30. I) L~_' .. "-.. ,If.:. • L 
:\1)(1 :32. 1 '29. rei ~:.~) .. 't 34. '" 39. 2 ,,;.-
12;:5 ;}6. H :::.1 
· 
'f 40. 2 ::YI. 6 413. 4 
, 1-'11*":::;, :;:~ III , 
1(1) 30. "I ~:"" •.. , (;"' ...... ..:::. .. \) :5:~:' .. :~, 
1 ::~5 :3:'1 
· 
0 34. 7 :56. '7 
160 :;:'6. ":r '"K' 4~). 5 :59. :3 
::UU :3:0. 5 47. 8 41 .'" 
· 
,C 
2!:,lO r.:-r, oJL. .. 3 44. '7 
: 1'11'l=,64m 
200 42. 'I 
:?~:JO 45. 9 
282 51 
· 
U 
:3::~O 51l .. 4 
:::;60 5'7. 6 
4(11) 60. r;:-oJ 
" ~'il) 69. 2 
300 69. 4 
--------1-----------------------------------------------------------: 
(·\.6.6 
TABLES OF MEASURED APPARENT RESISTIVITIES 
AND ELECTRODE SPACINGS USED FOR THE 
WENNER SOUNDINGS 
: --------1-----------------------------1 
:Apparent Resistivities~ ohm.ml 
:Electrodel ----------------------------1 
:!::;pii;\C:i.ng~ ISounding !\lumbers 
: (a), m 1 ------~---------------------: 
KB6 : KCb KDb 
--------1---------1---------:---------\ 
0.5 55.9 38.9 45.4 
:I. :::;;5. 9 ~.55 • b "'ie .,,::.:W • n .t.. 
1 . 'C::' .J 29. "1 26. "1 .lli. "1 
"'.l 27. t·>, 25. -, 12. -;'f 
..:. "t. '-' 
"~ 24. 4 .... "'\-,- 13 10. il . _.' .i:.,. • .:. •• 
ij. 24. ~) 21 
· 
B 9. '7 
{, 24,. 0 21 
· 
6 10. 0 
IJ ~~4 • ... ..: ~J 21 
· 
il 1 1 . (I 
J2 , .. ,.:::' "::''l.J. :5 21 
· 
6 1 ~:) If .. ~ ..::. 
16 ~'~6 • 6 ,...,1" ... l:J 1.5. , L..L. '-' 
2/~ 29. 9 '·:.\r~:--.", . .1. 5 18. 4 
-~"'i -~. "., 'oz:' r"\'~ 9 "','i 1 .. ':I.,L ~_l":'- • 
'-' 
~'-I • L.'::'_ 
1~13 36. r.::' ~I ~#") *_t..! ... b 2f:1. 4 
6'~· 4" 7 t Tl. 4 ~53. r~ ..::.. • .. -:.. 
96 ::'i .l . B 4"'! .... f • :l 3·:l. 4 
128 :'.:;13 • 1 :50. 3 47. 5 
256 71 . 1 50. .:;.  64. (I 
--------:-----------------------------: 
2'i:S 
.1<1\0 
" 
·1 
l' 
.3 
., 
A •• 7 Computer Resi5tivity Mudel 
nl1:': r'/(' CUTorF I o~ 10 
NIJNm~:I\ OF LAYEh':3 tl 
HH llAL H(lVEL ••• 
fllrcr:"., o.;,,~o 
FIII(I' 
t.(lUO 
1.;:'A) 
t • ":',(11) 
2.0(10) 
.~~ + ~;(I() 
:::.;;:Ou 
'1. (h)() 
']. (h),) 
(:. (I(H) 
I (i. (h)() 
i;:. :-;,'F) 
1-::,. ( •• )1.1 
,:'(1.0(11) 
;::~. 0(10 
.;:;:.0('\1 
40. (H)(J 
~,'''-'. n(k) 
,:,;::~ ()()(l 
CJ(l.. (liJ(1 
lOO.O(li) 
~57". :,40 
:.:·1 ~; •. ;::-,(1 
487_;;;:7(1 
·17::;~ :;:60 
·l',)_:;~ ::1:)0 
~j21 • 3~)Cj 
~A (I. (.,:.(1 
!';:.;:;:{,.7:::(I 
41"~1)::;(1 
~ji'O. GU(J 
"3(h).27t) 
;, 1:;:. ~::'lO 
I ;~~;. 3'.;0 
1':,'P. ;':j(l 
1 ~Jtl* (,C,(, 
11 :':::, t ;:0 
100,';:',:,1) 
i:~7. -170 
iJ3.l::.t'-,O 
lJo.110 
f~tl'7; r'/f' (lYI(IFf" 
NI.\i !ticn; (.11-:- U\VU,:J 
rtllU, 
TlllU; 
tJI[U: 
nlleL 1.· ... -' 
11 jJeF 17."~ 
i'40.0(l 
:37/).O·,?(':' 
~17~ 14'::, 
4:",:,. t~~(,:) 
4"!4.?H' 
'1?9.?6u 
:,04. ':;'77 
:;(11 •. 3::1) 
'1;):~'. ':,«J 
1'}")~ 
1.01'1. 
l20.40n 
.1(1'1. :.72. 
":':3. :;'?'? 
7'::,.O;:S 
.-)". ::;;:J2 
?3.9(,) 
m.::s 70.14 
L 
i . (In.) 
1. ;:!::iO 
I. (.(1<) 
.~~. oon 
::'1. '';:Ofl 
,"-. (H)() 
:." \!(hl 
':" '':::00 
O.I)(H,1 
10.(100 
J :';;. :~;(H.l 
1':'.OOn 
?O. (1(1l} 
:"_:~;. O(H) 
)2. !'1{)') 
'+0.(100 
~:.(I. (lOfl 
1:<:. (1(Il.l 
(":0.0(1(1 
lUG. (1(11) 
1 :;::~). 0;",0 
Hr. FIELD 
1 J:);". '.)(;.() 
1 ::::-l'~;. 47(1 
t,[ '.~. "?71) 
1 (I;:'. {.7() 
111). ':;1.)(1 
111. :';::,::') 
I:""';;:,UY' 
I '1"'~ 1(1i) 
11, t. lr)o 
17:::, ·1:.1;' 
1',J1,2]1) 
17(_.70(1 
20:J. (110 
:;':'0";'. ;:';10 
",:'Ot .0'3(1 
18/.~?::)O 
t /;.:3. t~:IO 
14':-1.(',;:10 
1 ~:r.:. ~Y':;'!) 
104, '40 
,?,LoiO 
07. /; .... ;(J 
tG6 .. ':r;(, 
1:",:,.::,1;: 
1.12.071 
106. 4:::r:~ 
10'9.0:34 
1 J?0211 
\ J\. ;:::;., 
1I1~;. £·1 ~{ 
1/>] • O'>:~~ 
j N.,_ ~.7,·1;-' 
j:Y:"J.4:3:') 
1'51"::". E'l1" 
:';~(!'l. O?4 
;~OtJ.::-l00 
:~():J. :':;46 
JO~..;o.i.<!;;: 
1-'1). M~:) 
J 40. ::(I~; 
J 2~5. ;':·,:,b 
HI!;. •• ::"!"79 
')'l~ 4.1t\ 
H6.72t..... 
IJF.PH1Hmu 
0.(11) 
2. ~50 
[IEF'll-f 
O. ()(I 
-1.1':.0 
0.1:)7 
1. 
4.114 
1.,:::,H 
).111;:1 
';... 
11. 
~:O. i :::~1 
O. 
-l;;'~. r""1 
- t '3.10';-" 
"l.U,'l 
-'. 7~) 1 
7. {;)!.. 
, ;:, (1-1 i~ 
:'?'. ,;::;';::1 
I' j XLft r·t.lt,1j·jL 'fU? 
fJcrlfl 
0.01) 
lIEF-HI 
(1,00 
0.:31 
["/C u·mor, 
"(l. (1'1:". 
0. 
-0.1:1:/' 
,,0. ~:'::::?.., 
'~1. 7(l'.~ 
1.11::':7 
t.1:;1;; 
(1. ':.::.: 1 
- 0,.;:-."". 
"1.1),:,"'" 
j ~ Loill 
O.>l{·? 
(~. ~~; tl (I 
o. '.'~.?:; 
"O.9i? 
2. ,::~'; l 
;;".{,:){l 
0.4(.4 
··1.1I/"7 
2'16 
! (1":- I • ;~(I 
{I. i)iJJ 
,_I.l '(Ii) 
(I.ill.·' 
1).iJ /::. 
0. (1, I~ 1 
0.1.1 1'.1 
• kcO 
r; 
A.6.7 Cnmput~r Re5istivity Model 
RHS PIC (1)10FF' I l'.10 
NI.'t-m~n (IF LA'fCr.::::;.,... !) 
ItHl1AL N(lj)~t. ••• t;- I r: I XED F{\[IAfH.:. H .. n 
DEPTH 
~"" --, -~ ... -- .... ~- .. "-.- -.~~.. (/.00 
THIel< '"" (\.84 
0.::34 
-._ .. __ .- ~ ... ~.~ .. -- 2.6.'3 
If..tTEHI'>RE1ED HOVEL. ... 
THIO< 
L 
t ~QOQ 
1.2::>0 
1. ";.l)(1 
2. (1(l(l 
2.500 
;;0(' 
4.000 
G. i)(h) 
1:..·.300 
::J. (,100 
10.(11:0(1 
1Z.'::ot')(1 
1.').000 
... ;(1,000 
Z'3.l)i)(1 
)2.0(10 
4(1.(10(1 
t.o~ 0(10 
{;..J. {I(lO 
80~f)(I0 
100.0<),) 
J2~·.O·.I(1 
Hl'S 101.-43 
Hf'I-f JELl! 
9:30 
113. ;~,:,(i 
J 0:). 1'7(1 
10:3.14(1 
ItO./(H} 
l;: l. ,~,oo 
1:1;;. J 2(1 
l:.3G.'?":'(I 
144.7'(11) 
1 :~Il;I. 1 :~o 
131.60(1 
t :,::,). ;:40 
10< ... ,100 
84. '/(10 
7>1.9(1(1 
1:.. . (,-.. [·10 
(,4.1:;0 
':':;'. :J(l(l 
7t,l.10(l 
-,:").(..-1(1 
7'j. ,,(10 
1:31.2'?3 
1 ... ~2'. ;;:03 
112.'}.32 
107,3:;'7 
1(1/. 
! 
12(1.7':70 
L::O~O?9 
137. ~}:3.::. 
l"~'.O?O 
1-1(1.1l;.4 
1:43.3b4 
i i?~·'(1 
100.;:,~4~ 
B7.B84 
74. :3[(7 
c·l.421 
I,:A.;:'Hr, 
1::0::;;.407 
bO.,'01 
'/'8.779 
T?;:l~ 
nil:',: j curLIn O. t (! 
NfJHl-3C:.n or U'\·.'LH~'':; 4 
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A.7.1: Refraction Method 
(Dased on Rahn 1986) 
Seismic method are widely used in petroleum exploration where 
dynamic explosions are commonly used. In engineering geology, a simple 
blasting cap, sledge hammer, or small explosive charge can be used to 
generate the seismic wave. Hand-held sledge hammers rarely provide 
ebnough energy to determine subsurface information for depths greater 
than 10m, however. 
The theory of refraction stems from the fact that any ray bends 
(refracts) upon entering a different velocity medium. Consider the 
expanding hemispherical shells of P waves radiating from a source, 
simplified in two dimensions as rays (Fig.l) The ray strikes the 
boundary at some angle of incidence (i), measured from a line 
perpendicular to the boundary. The angle of incidence changes to a 
refracted angle (1') when the wave travels through the new velocity 
medium. The larger the velocity differential between the two mediums, 
the larger angle r becomes with respect to angle i. 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
Fig 1: Refraction of cla::t,ic waves across an In terface 
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The precise relationship between refraction and velocity 
differential can be established using simple trigonometry. Consider Fig.1, 
where VIis the velocity of the first medium and V 2 is the velocity of 
the second medium. Two parallel rays are drawn as well as orthogonals 
AC and DB from the two rays. Consider the right triangle ACB and 
ADB: 
BC AB sin i 
AD AB sin r 
The time for a wave to travel distance AD is the same as a wave 
traveling the distance BC: 
.. distance Smce tune equals veloci ty , 
AD BC 
~= v:;-
Substitute from above: 
AB sin r AB sin 
V2 VI 
or 
sin i = ~ 8;n r 2 
Equation (1) is called Snell's law. 
(1) 
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The depth (z) to some buried horizontal interface ca.n be 
determined using Snell's law and the following theory. As a ray strikes 
the V 1 interfa.ce a.t increasingly :;maller angles (i .e. angle i increases), 
there eventually will be a refracted ray which travels along the interfa.ce 
(Le. a.ngle r = 90°). This angle of incidence is called the critical angle 
(i
c
)' Because sin 90° = 1, from (1), 
(2) 
As waves travel along the boundary at velocity V 2' they 
continuously emit new disturbances into the upper medium, also at the 
critical angle, Consider geophones stationed at various distances (x) 
away from the seismic source (Fig,2). A short distance away, geophones 
pick up both the direct wave and the refracted wave. Geophones nearest 
the seismic source receive the direct wave first, traveling at velocity VI' 
But, because the refracted wave travels along the interface at the faster 
velocity V 2) there will be a critical distance (xc) beyo nd which the 
refracted wave reaches geophones before the direct wave. The 
relationship between Xc and depth (z) of a buried boundary can be 
derived as follows. The time-distance plot for the direct wave passed 
through the origin so that: 
B 
T x 
I .... Slope=-~ .. VI ,," 
.-
.. 
Xc 
Distance ( x) 
.. 'Direct Wove 
4--' 
Wove 
Figure 2: Ray paths for two layers seperated by a 
horizontal interface. 
A. Geological cross section. 13. Time-distance plot. 
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The refracted wave must traverse three legs in order to reach the 
geophone: distance AB,BC, and CD. Three trigonometric relations 
involving these legs are necessary for the folllwing derivation of the 
formula which determines the depth (z) to a buried interface: 
cos ic = (1-sin2 i
c
)O.5 
tan ic = sin ic/cos ic 
(1 VVV~)O.5 
V 1/ (/V~ - VDO.5 
The total time along refraction path ABCD is: 
(2) 
For a thickness z, since time 
written as: 
distance 
veloc i ty , the above equation can be 
T AB + BC + CD 
From Fig 2, 
z/co s ic x - 2( z tan ic) z/ cos IC 
T - --rr-- + V + -.......,---
2 
Substituting trigonometric relationships yields: 
T 2z 
2 z sin i c/cos ic x 
+y;-
T v ~~s ic . (1 - Si1l2ic) x +y;-
2z(V ~ - VDO.5 
x + T 
At the critical distance, boh direct and refracted waves arrives at the 
same time so that: 
T direct Trefracted 
273 
27Lf 
which simplifies to 
( 1 1 -rT-- - ), 
vI \l'i 
A.7.2 Reflection Method 
(Uased on !lahn 1986) 
The reflection method is used extensively for petroleum 
exploration. It gives a detailed picture of the subsurface structure and 
interfaces with a.n accuracy that is exceeded only by test holes. The 
depths are determined by observing the travel times of P waves 
generated near the surface which are reDected back from deep 
formations. The method is compara.ble to that of echo sounding used to 
determine water depths. A unique advantage of the reflection method is 
that it permits the mapping of ma.ny horizons from each shot. 
x~ 
Shot Point Geophone 
z 
Reflecting 
Inlerfoce 
Figure 3 ivVave rel1ected from a horizontal interface 
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H the seismic velocity of some overlying mediulll is a COllstallt 
VI, the wave will refled frolll a horizontal interfa.ce a.t. a depLh z a.s 
showII ill Fig.3. 'flte tol.al leltgth (1,) of Lhe wave path to some 
distallce(x) from the sllot point is: 
L = ViT 
where T is the toLal travel Lime. 
Therefore, 
When x 0, 
2 
L 2 G + z2)0'5 
z 
VI'!' 
~2- (1) 
The reflection method also makes possible the calculaLion of depths 
to dippiug interfaces, as well as the angle of dip (see Dobrin, 1982, for 
derivatioll or dip [0L'll1111a and exaillples). 
] 11 petroleum prospecLing, l1luHiple geophones are often used, giving 
contilluous print.out on tapes. v\T!ten several closely spaced geophones are 
placed alolJg a line alld the resulLillg seisrllogra.llls heJd together for 
conLinuolis viewing, Lite waves themselves line lip on the seismogra.ms ill 
a. manner Utal. allows the viewer 1.0 see I.he iul,erfaces asi[ Lhe 
seisrnograills were a geologic cross section. This is because the waves 
correspondillg to a. COllllllon refJecLioll will all line up across the 
record in slIch a. wa.y that the crests or troughs on a.dja.cent traces 
appear to fit toge[,her (COP method) (see Dobrin, 1982). 
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A. 7.3 Seismic ConIiguration 
, 
Recording parameters for Refraction line AA 
Source 
Geophones: 
Geometry: 
Typical layout 
I 
End shot 
* 
2 m 
Shallow dynamite 
1 charge per source 
1 m depth 
28 Hz OYO strings - 6 phones per string 
No gap split spread 
Spread 
184 m 
376 m 
8 m group interval 
geophone pattern - in line 
32 m shot interval 
each 3rd shot of 640 g of AN60 
other shots 160 g of AN60 
Spread Geometry: 
No gap 
Shots 2 m from nearest geophone 
378 m maximum offset 
Recording on at least 36 48 geophones 
with as near even number of phones 
on each side of the shot as possible 
Shot Spread 
I * I I 
2m 6 III 184 m 
Spread 
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Source 
Geophones 
Geometry: 
Spread 
184 m 
Recording 
A. 7.3 Continued 
Recording parameters for Minisosie line BB 
,. 
2 Minisosie tampers 
28 Hz OYO strings - 6 phones per string 
Split spread 
8 m group interval 
geophone pattern - in line 1.6 m spacing 
8 111 shot interval 
8 m ramming segment 
1000 pops minimum 
maximum RSF = 8 
Spread geometry 
32 m minimum of offset 
(from center of ram segment to center 
of first geophone spread) 
196 m maximum offset 
24 m 
Ram Seg 
I I 
8 m 
1 lUsec sample rate 
1 second recording 
24 m 
Filters: Low - 25 Hz 
Anti-Alias filter 
2400% fold covera.ge 
Spread 
184 m 
A.7.3 continued on nest page 
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A.7.3: Continued 
Recording parameters for Minisosie line CC" 
Source 
Geophones 
Geometry: 
Spread 
184 111 
Recording 
2 Minisosie tampers 
28 Hz OYO strings - 6 phones per string 
Split spread 
8 III group interval 
geophone pattern 
- in line 1.6 m spacing 
8 m shot interval 
8 m ramming segment 
1500 pops minimum 
maximum RSF = 8 
Spread geometry 
32 m minimum of offset 
(from center of ram segment 
first geophone spread) 
to center of 
196 m maximum offset 
24 m 
Ram Seg 
I I 
8 m 
1 msec sample rate 
1 second recording 
24 m 
Fil ters: Low - 25 Hz 
Anti-Alias filter 
1200% fold coverage 
Spread 
1------1 
184 m 
A.7.3 continued on next page 
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A. 7.4: Teclmical Specifications of Geophysics Division's 
Special Seismic Equjpment as at 17 February 1987 
The specifications are: 
Model Sercel 338-HR 
Number of Channels 
Sampling Rate 1/0.5 ms 
48/24 
Transport Truck mounted 
Seismic Sources Explosives 
Minisosie 
Shot Timing Radio/line 
Auxillary Channels Up hole phone 
Confirmation Time break 
2 spare 
Amplifiers 
Fixed gain 
Variable gain 
Input Impedence 1 M!1 
Filters 
Digital Recording 
anti-alias 
hi-cut 
lo-cut 
notch 
Digital format floating point 
Recording length O-infinite 
Recording media 1200 foot mag ta.pe 
Recording format SEG-B 
2**5 and 2**7 
These are initial 
Actual gain increases 
during recording 
Floating point 84 dB in 
12 dB steps 
yes (24 dB/Octave) 
anti-alias 
out-10-25 Hz 
50 Hz 
15 bit manitsa 
4 bit gain 
Field Stacking records up to 4 s at 1 ms sampling rate 
Monitor Recording ERC-10C electrostatic 
camera 
Playback filters 
Hi-cut 
Lo-cut 
80, 125 and 250 Hz 
AGC, NON-AGC 
(gain is displayed) 
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A. 7.4: Continued: Test Equipment 
Line Test for continui ~y 
Equipment tests for Amplifiers 
Auxiliary Equipment 
TRucks 
IL:'1dios 
leakage 
A/D conversion 
cross talk 
noise 
Seismic truck - Stonefield 
Cable laying - Jeep J20 
Shot Firing - Jeep J20 
4 TaU FM mounted in trucks 
3 Tait FM hand held 
1 Tait FM radio repeater 
(All Tait radios operate 
on came two frequencies) 
Cables 14x48 channel CDP cables with 
Geophones 
12 taleouts at 12 m spacing 
2xlOO m jumpers 
times 2 scrambler 
times 3 scrambler 
> 100 14 Hz Metrix single geophones 
>100 28 Hz OYO strings 
each with 6 geophones 
603Hz refraction phones 
Minisosie 2 road tamI:lei's and radios 
Explosive sources 2 hand-held motor augers 
loading poles 
shot firing equipment 
including radio repeater 
Survey equipment 1 Wild tacheometer RDS-I 
1 Wild automatic level 
3 staffs 
The Division also has drill rigs which are a.vailable to drill 
deeper shot holes. The data from the equipment can be read on 
the Divisions V AXIl /750 for displa.y, and processing. 
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A.8.l Rainfall Data 
APPENDIX 8 
RAINFALL AND EVAPORATION 
A.8.2 Isohyetal Data 
A.8.3 Procedure for Collection and Manipulation of Evaporation Data 
A.8.4 Evaporation Data 
A.8.5 Rainfall and Quickflow Correlation 
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A.8.l Rainfall Da!.a. 
Month June 198U July 
Station 1 2 3 4 1 2 3 4-Da£e-- Ra.i nfall (111111) 
1 1.7S 2.54 0.7 J2.1 8.SD 8.89 3.1-
2 *lt1.6 * 12.1D *13.71 5.1 
3 
4 
5 25 14.4S 
6 52.6 74.42 82.04 3S.1 
7 ;32.6 32.51 27.1S J4 
8 6.36 5.33 1.1 
9 0.6 
10 9 2.03 2.1 *47.1 *44.7 *42.67 23.3 
1.1 *1.J.6 *lO.1L *S.8D 4.3 
12 24.2 22.35 IS.8 11.1 7.6 6.86 6.6 2.9 
13 
14 3.05 3.3 1.2 
15 21 14.48 15.5 6.6 
16 12.2 1.01 
17 5.SD 5.84 2 
IS 
19 
20 3.81 1.7 *;12.0 15.2~ *15.75 11.6 
21 6 18.79 13.07 2.2 2.0 12.1 !) 12.14 8 
22 
23 
24 
25 *27.8 *8.38 *16.6 11.47 16.51 12.5 
26 *37.6 *27.94 *35.81 9.6 
27 
28 
29 
30 *47.2 *3~L37 *35.56 *12.3 
31 
'foa.!.1 185 142.74 137.16 SO.4 112 320AD 310.12 170.3 
*' snow' 
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A.8.l Coul.huwd 
I 1I,t!. 
S~al,ioll J 2 3 1 1 2 3 1 
DaLe (Inm) R'l.in[ali (lTUlI ) 
2 *9.8 *7.87 *6.6 4.4 
3 
1.1 
5 *18:8 *9 * 10.41 5.7 
6 0.25 0.5 
7 *19.8 12.8 *12.70 14.6 
8 18.8 D.21 *15.21 7.6 6.2 4.06 3.81 0.6 
D *4~L6 *26.92 *29.72 24.6 
10 36.6 27.13 25.1 6.2 
11 * 16.4 9.14 7.G2 1.3 
12 2.'1 2.2!J 2.51 
13 *2.2 *1.02 1.27 2.5 49.8 
14 2.2 O.G 19.3 18.29 18.8 
15 18.0 20.83 8.1 
lG 0.7 
17 3.56 0.9 
18 *10.6 7.11 3.81 4 
U) *4.0 Ll 
20 12.6 6.1 3.5G 1.8 
21 17.2 IG 1.27 2.8 
22 121.6 D6.52 Ua.03 42.3 
2~J G1.G 51\.1 51.81 a5.2 
21 *5,4 *3.81 *3.3 0.7 
25 *1.8 
2G 
27 
28 40 26.16 21\.6t1 4.8 *9.4 10.67 8.89 10.3 
2D 20.8 11.22 12.11 8.6 
:m 
3J 
'foaU 442 320.49 310.12 170.3 92.6 66.29 65.32 49.7 
*' 
snow 
A.8.1 Conl.julled 
IVjOJlt-h -----o-cl November 
2 3 St,at.ion 1 2 3 4 1 4 
Dat.e 
2 
3 
4 
;) 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
ToaL! 
Rainfall (mm) 
4.:3 
til A 23.87 21.33 16.2 
31.8 :34.3 40.13 18.6 
0.25 
0.51 0.3 
I\.IJ 2.28 0.51 
7 :3.05 2.51. 
26 21.38 22.86 1.6 
11 
21.8 18.8 18.03 \ 16.3 
0.1 
0.1 
0.6 6 5.6 4.82 7.1 
1.01 
4.6 1.27 
62.2 72.9 
5.6 4.57 
2.8 
1.82 
21 19.05 
209.8 191.5 
0.7 0.76 
2.29 0.8 
76·n 
LL06 3JJ 
1.1 
4.57 2,7 
17.52 9 
193.28 70.3 
0.51 0.6 
56.6 28.45 51.5 31.5 
186.1 130.81 112.77 40 
82.4 77.4 7 72.39 31 
0.5 
7.2 7.87 7.87 2 
360.'1 270.27 247.38 130.8 
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1\~on(.h DCCClllUCr .J anuary 1987 
St.ation 1 2 3 4 1 2 3 4 
Da~l~- Rainfall (mll1.) 
1 7.4 8.38 8.13 4.3 
2 0.4 
;J 
4 
5 
6 
7 0.1 
8 
9 
10 
JI 
12 
13 
lt1 
15 0.4 
J6 0.5 
17 0.76 1 
18 
If) 
20 
21 14.2 9.4 9.65 10 
22 6 3 4.32 4.7 
n 
24 
25 0.8 1.78 1.01 1 
26 
27 
28 2.1 5 5.6 3.3 2.1 
29 20.4 26.11 18.8 17 
ao 2 2.54 1.78 1.8 
3J 
'foaL! 44 46.73 38.36 36.5 11.8 10.38 9.39 8.9 
A.8.1 COII~jllucd on ncxL pa.ge. 
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A.8.l Continued. 
MOllth February March 
St.at.ioll 1 2 3 4 1 2 3 4 Da:re- Ra.iufall (111111) 
1 0.51 
2 57.4 4.:32 6.6 2.8 
3 55.2 99.06 73.66 43.7 
4 15.6 10.41 8.9 
5 2.8 4.83 3.3 1.4 
6 1.6 0.76 0.51 0.6 
7 11 12.7 9.14 7.2 
8 6.7 
9 
10 5.84 4.75 0.3 
11 66.4 52.32 50.29 32 
12 4.06 4.5 6 5.32 3.05 8.6 
13 48 68.32 61.21 46 1.78 
14 26.8 21.08 19.81 17.5 
15 0.76 1.02 
16 1.52 1.78 1.7 
17 31 28.7 28.19 21.1 
18 2.51 1.27 0.7 
19 
20 
21 13 7.11 7.37 0.6 
22 
23 
24 7.11 5.08 12.3 
25. 3.2 5.84 6.1 6 
26 1.78 2.79 2.4 5.4 7.11 6.1 
27 8.13 7.37 2.6 
28 39.2 16.76 15.24 10 
29 
30 
31 
ToLa.l 161.4 171.94 151.63 115.7 222.2 204.95 173.5 113 
300 
A.B.I continued 
Mouth April May 
Station 1 2 3 4 1 2 3 4 
1)a.~ Rainfall (rum) 
1 15.2 11.17 11.17 7 
2 2.79 2.54 10.16 
;} 0.1 
4 
5 1.02 
6 8.1 7.87 7.11 3.5 
7 
8 
9 19.2 7.36 8.9 0.32 
10 
11 
12 
13 
Itt 
15 
16 3.2 2.5'1 1.52 0.06 15.33 11.68 9,4 9 
17 0.51 3.55 3 
18 2.51 1.27 0.7 ;'3.6. 25.65 21.33 15 
19 25.96 1 ~).SI 18.03 10 
20 41.59 34.03 31.75 9.5 
21 3.3 2.28 1.9 30.62 23.37 22.6 13 
22 15.21 1.27 
2:j 3:L6 'W.02 ~J2. 76 15 
2/t 5.S!) 5.08 3.5 
25 
26 
27 1.02 
28 
29 
ao 42.8 32.76 30.73 23 
31 
Toa.L! 98.8 122.2 85.5U 43.88 173.7 1~J5.G2 135.1 72 
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A.B.2: Isohyetal Data 
A B * C D Isohyet Estimated EDU Net Area Weighted 
(rom) (rom) (km2 ) precipitation (rom) 
:: BC/total area 
900 985 0.79 20.5 
1000 1050 3.48 96.23 
1100 1200 6.54 206.7 
1300 1400 4.08 150.43 
1500 1600 1.98 83.43 
1700 1800 2.18 103.34 
1900 2000 2.98 156.96 
2100 2200 3.48 201.6 
2300 2400 3.95 249.7 
2500 2600 3.4 232.8 
2700 2800 2.68 197.63 
2900 3000 1.78 140.64 
3100 3200 0.65 54.78 
Total 37.97 1894.7 
Note: ElID = the effective uniform depth. 
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A.B.3 Procedure for Collection and Manipulation of Evaporation Data 
The following discussion is based on Bruce, 1966. 
The Class A pan (Fig. A.B.l) is l22cm in diameter, 25cm deep and is 
mounted near the ground on supports which permit a free flow of air around 
and under the pan. Measurements of water loss are made by either 
determining the water level on successive days by means of a micrometer 
hook gauge, adjusting the point of the hook until it touches the water, or 
by filling the from a graduated measure until it just covers the point of a 
thin rod fixed to the pan bottom or the bottom of the stilling well which 
is set in the pan. The latter method has the advantages of being cheaper, 
providing a magnification of the water loss by means of a graduated measure 
of much smaller diameter than thp. pan, and of forcing the observer to keep 
the water level in the pan nearly the same distance below the rim each day. 
If the water level in the pan drops, major decreases in water loss result 
and the observations become difficult to interpret. 
On rainy days, the amount of rain collected in a standard raingauge 
near the pan must be subtracted from the water loss observed from the pan, 
if the rainfall is less than the evaporation. If greater, the water loss is 
determined by measuring the amount of water that must be taken from the pan 
to reduce the water level to that of the fixed point, and then subtracting 
this amount from the rain observed in the nearby raingauge. 
Figure A,B,J a 
Class A pan and 
support. !---411--
NEW 
r------'.: --____ """_'_ ... __ ""'" - '"-i v GROUND 
:/;?.:v?$;-:;-;W$~:577kW'%~ 
Figure A.S,J b 
fixed point gauge 
ano, stilling well 
1...-4irtO,o.-,-j 1f--3'76in.1.O.-~ 
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A.8A: Kaituna Evaporation Data 
Year 1986 
Month Jun Jly Aug Sep Oct Nov Dec 
Date Evaporation (mm) 
1 3.85 0.31 1.24 1.89 4.40 5.89 3.30 
2 0.68 0.31 2.73 2.26 5.61 2.36 3.60 
3 0.87 1.05 1.05 2.17 3.10 4.03 4.00 
4 2.17 0.31 1.42 2.36 0.77 4.22 6.65 
5 1.61 1.24 1.33 4.03 0.31 4.50 6.00 
6 1.52 0.31 1.61 4.22 3.19 4.03 6.00 
7 1.42 0.31 1.05 4.22 1.61 5.89 6.00 
8 2.54 1.05 0.49 3.29 1.80 2.10 2.90 
9 3.10 1.24 0.77 2.26 3.10 6.70 6.00 
10 2.73 0.31 0.31 2.36 1.70 6.00 5.05 
11 3.57 0.59 1.98 2.82 0.31 8.00 4.00 
12 2.08 2.45 0.96 4.03 2.91 1.65 2.00 
13 1.42 3.10 1.05 1.61 2.64 4.03 6.00 
14 1.33 0.96 1.33 3.10 3.47 1.89 12.0 
15 2.64 0.96 1.98 2.26 4.40 1.10 6.40 
16 1.42 1.61 0.31 1.33 3.85 6.00 4.00 
17 1.05 1.52 1.89 2.17 1.24 6.00 9.50 
18 1.31 2.17 2.54 1.52 2.64 5.60 10.0 
19 2.17 0.31 1.89 1.24 5.23 6.00 7.70 
20 1.98 0.77 2.2G 2.82 5.06 6.00 10.55 
21 3.94 1.24 0.68 3.94 3.01 8.00 9.25 
22 2.64 1.15 0.37 2.64 4.40 10.4 4.00 
23 0.77 1.15 0.31 1.61 5.33 8.00 6.00 
24 1.05 3.19 1.52 2.17 1.80 7.50 7.76 
25 1.70 1.05 1.71 4.03 4.03 4.00 9.62 
26 1.42 2.73 1.42 2.17 5.33 1.00 4.03 
27 1.80 1.05 1.05 5.43 3.29 8.50 4.03 
28 2.17 2.73 0.96 1.42 4.68 6.00 9.06 
29 0.307 3.47 1.61 3.85 3.10 5.75 9.06 
30 0.59 3.1 2.64 3.57 5.06 6.36 5.00 
31 2.26 2.82 4.03 7.40 
A.8.4 continued on next page. 
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A.8A continued 
. Month Jan Feb Mar Apr May 
Date Evaporation (mm) 
1 5.89 10.00 3.29 3.57 3.00 
2 7.76 2.00 2.17 3.29 0.60 
3 7.76 11.95 0.77 2.17 2.40 
4 5.89 13.34 2.82 5.24 3.60 
5 7.38 6.45 2.82 2.17 2.00 
6 7.76 4.03 4.03 2.54 0.00 
7 7.29 3.38 5.89 4.22 2.00 
8 4.03 5.80 4.59 6.36 1.10 
9 6.00 3.57 4.59 3.10 0.90 
10 8.00 4.78 1.33 1.61 0.00 
11 6.70 6.73 3.19 2.17 1.30 
12 6.00 8.69 2.64 4.59 2.00 
13 10.00 4.03 2.73 2.36 0.35 
14 14.00 0.77 5.89 1.52 1.20 
15 13.06 3.57 2.91 3.57 1.40 
16 7.76 4.96 2.54 1.89 0.00 
17 9.62 5.23 2.91 1.60 0.00 
18 10.18 5.52 2.17 1.30 7.20 
19 7.60 4.50 4.03 0.90 0.00 
20 9.10 4.03 2.17 6.00 0.00 
21 10.00 5.89 2.17 3.70 0.25 
22 8.70 12.78 4.87 3.57 0.70 
23 4.00 3.47 1.80 3.29 0.70 
24 9.00 5.61 2.17 5.89 1.10' 
25 7.80 5.89 2.17 4.03 1.40 
26 6.00 4.68 3.10 5.52 3.30 
27 10.00 11.01 2.17 2.00 3.70 
28 4.60 0.96 4.03 4.00 6.90 
29 9.10 7.66 2.00 3.66 
30 5.89 6.64 0.00 3.38 
31 9.62 5.80 1.24 
:a 
"" 
...... 
250 
2~g 
15~ 
190 
50 
Fiw.-re A 0'8 0 5 
Quick Flow - Rainfall Coppelation 
for water balance calculations. 
+ 
// 
// 
+ ..*/ + 
-~ 
-
----
/' 
./ 
./ 
/ 
/' 
,/ 
/+ 
,.{ 
/' 
/ 
/ 
/ 
/ 
-I 
/ 
+ 
----Q~~--~--~~-+~~---h~--~--~-.---+--~----,-~--------~---------.----------. 
Q 50 1~~ 150 2QQ 25Q 
Rainfall (MM)(Station 2) 
w 
o 
U1 
APPENDIX 9 
STREAM-FLOW DATA 
A.9.l Kaituna Stream: Monthly Stage Data (Mean Value in mm) 
A.9.2 Discharge and Stream Velocity 
A.9.2.l Measurment 
A.9.2.2 Data 
A.9.3 Stream Hydrographs 
A.9.4 Hydrograph Separation 
A.9.5 Hydrograph Components 
A.9.6 Kaituna Stream Mean Flow (Station "A") 
A.9.7 Kaituna Stream Daily Bsae Flow (Station "A) 
A.9.B Regression Equation for Run-off from Springs. 
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A.9.1: Kaituna Stream 
Monthly Stage Data (Mean Value in mm) 
Year 1986 1987 Min. Mean Max. 
Jan 443 443 443 443 
Feb 463 463 463 463 
Mar 695 695 695 695 
Apr 479 479 479 479 
May 667 667 667 667 
Jun 590 590 590 590 
Jly 942 675 675 808 942 
Aug 1044 1044 1044 1044 
Sep 700 700 700 700 
Oct 824 824 824 824 
Nov 757 757 757 757 
Dec 556 556 556 556 
30B 
Thus, 
A.9.2) is 
for example, the dislharge through partial section 4 (Fig. 
The procedure is similar when "x" is at an end section. The "preceding 
location" at the begging of the cross-section is considered coincident with 
location I; the "next location" at the end of the cross-section is 
considered coincident with location n. Thus 
ql = vI«b2 - bl)/2)dl and 
qn vn«bn - b(n-I))/2)dn 
For the example shown in figure A.9.2, ql is zero because the depth at 
observation point I is zero. However, when the cross-section boundary is a 
vertical line at the edge of the water as at location n, the depth ;s not 
zero and velocity at the end section mayor may not be zero. The formula 
for ql or qn is used whenever there is water only on one side of an 
observation point such as at piers, abutments, and islands. It usually is 
necessary to estimate the velocity at an end section as some percentage of 
the adjacent section because it normally is impossible to measure the 
velocity accurately with the current meter close to a boundary. 
Discharge is the product of the average of two mean velocities, the 
average depth (0.6 depth), and the distance between locations. 
Flg. A.8.e 
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Waler surl<lce 
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point 10 Ihe observation poinl 
Depth 01 water. in feel. al the 
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heavily outlined discussed in ted 
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Definition sketch of mIdsection method of computing 
cross-sectIon area for (; i ,;charge measurements. 
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A.9.2 Discharge and Stream Velocity 
A.9.2.1 Measurement (from Buchanan. T, and Somers, W. p, 1969). 
Streamflow, or discharge, is defined as the volume rate of flow of the 
water including any sediment or other solids that may be dissolved or mixed 
with it. 
A current meter measurement is the summation of the products of the 
partial areas of the stream cross section and their respective average 
velocities. The formula 
Q = 2:{av) (1 ) 
represents the computation where Q is total discharge, "a" is an 
individual partial cross-section area, and "v" is the corresponding mean 
velocity of the flow normal to the partial area. 
In the mid-section method of making a current meter measurement it is 
assumed that the velocity sample at each location represents the mean 
velocity in a partial rectangular area. The area extends laterally from. 
half the distance to the next and vertically, from the water surface to the 
sounded depth (Fig. A.9.2). 
The cross-section is defined by depths at locations 1, 2, 3, 4, ... n. 
At each location the velocities are sampled by current meter to obtain the 
mean of the vertical distribution of velocity. The partial discharge is now 
computed for any partial section at location "x" as 
where: 
qx = discharge through partial section x 
Vx = mean velocity at location x 
bx = distance from initial point to location x 
b(x-l) = distance from initial point to preceding location x 
b{x+l) = distance from initial point to next location 
dx = depth of water at location x 
A.9.2.2:Discharge and Velocity Data 
for Streams 
Station A: Kaituna Stream (main site) 
Grid.Ref. M36844 167 
Date Discharg Aeea Mean Veloci ty 
(m3/s ) (m2 ) (mls) 
26-jUN-1985 0.261 0.141 0.591 
30-JUL-1985 2.310 4.180 0.551 
27--AUG-1985 0.258 0.516 0.499 
24-8EP-1985 0.167 0.420 0.397 
29-ocI'-1985 0.240 0.341 0.704 
19-DEC-1985 0.567 0.855 0.686 
26-:MAR-1986 0.398 1.130 0.352 
14-MAY-1986 0.102 0.167 0.651 
9-jUN-1986 0.110 0.152 0.728 
23-jUN-1986 0.472 0,488 0.968 
8-jUL-1986 5.130 8.280 0.620 
09-JUL-1986 3.180 6.740 0.472 
9-jUL-1986 3.260 6.850 0.477 
23-jUL-1986 1.030 ·1.920 0.537 . 
31-jUL-1986 0.508 1.440 0.353 
7-AUG-1986 0.465 1.350 0.345 
6-AUG-1986 0.511 1.490 0.343 
23-SEP-1986 0.646 2.190 0.295 
9-OCT-1986 1.290 2.940 0.439 
12-NOY-1986 0.280 0.977 0.287 
lS-NOV-1986 0.200 1.180 0.170 
25-NOV-1986 6.540 11.000 0.596 
25-NOY-1986 6.510 11.200 0.583 
26-NOV-1986 34.300 25.800 1.330 
8-DEC-1986 0.475 0.690 0.689 
5-jAN-1987 0.113 0.613 0.185 
22-jAN-1987 0.040 0.106 0.374 
20-FEB-1987 0.205 0.328 0.625 
26-FEB-1987 0.063 0.171 0.367 
29-APR-1987 0.122 0.255 0.480 
29-MAY-1987 0.499 0.713 0.699 
5-JUN-1987 0.257 0.447 0.576 
2-jUL-1987 1.030 1.080 0.953 
10-jUL-1987 0.570 0.457 0.589 
13-JUL-1987 0.590 0.480 0.631 
14-jUL-1987 0.620 0.655 0.810 
31-jUL-1987 0.585 0.459 0.635 
24-SEP-1987 0.470 0.157 0.301 
4-NOY-1987 0.430 0.095 0.229 
2-DEC-1987 
A.9.2 continued on next page. 
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A.9.2.2 Continued 
Station B: Okana Stream 
Grid.Ref. M36848 174 
Date 
23-JUN-i986 
23-jUN-i986 
6-AUG-i986 
23-BEP-i986 
15-ocr-i986 
12-NOV-i986 
8-DEC-i986 
5-jAN-i987 
22-jAN-i987 
20-fEB-i987 
29-APR-i987 
5-JUN-i987 
2-JUL-i987 
Discharg 
( rn3/s ) 
0.023 
0.089 
0.040 
0.052 
0.098 
0.021 
0.028 
0.007 
0.003 
0.009 
0.006 
0.019 
0.078 
Aeea Mean Velocity 
(rn~!) (m/s) 
0.225 
0.431 
0.351 
0.308 
0.368 
0.200 
0.237 
0.079 
0.023 
0.043 
0.070 
0.128 
0.301 
0.143 
0.208 
0.114 
0.170 
0.268 
0.104 
0.119 
0.091 
0.128 
0.223 
0.084 
0.149 
0.259 
Station C: Takamina Streamm 
Grid.Ref. M36852 193 
Date 
23-jUN-i986 
23-JUN-i986 
6-AUG-i986 
23-BEP-i 986 
15-ocr -i986 
12-NOV-i986 
8-DEC-i986 
5-jUN-i987 
2-jUL-i987 
Discharg 
(rn3/5) 
0.008 
0.066 
0.014 
0.017 
0.034 
0.005 
0.009 
0.003 
0.023 
Aeea Mean Velocity 
(rn2) (m/5) 
0.054 
0.119 
0.067 
0.113 
0.120 
0.043 
0.027 
0.('31. 
0.076 
0.142 
0.556 
0.208 
0.152 
0.283 
0.129 
0.322 
0.084 
0.309 
A.9.2 Continued on next page 
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A.9.2.2 Continued 
Station D: Packhorse Stream 
Grid.Ref. M36 853 194 
Date Discharg Aeea Mean Velocity 
(m3/s ) (m2) (m/s) 
23-JUN-l986 0.020 0.108 0.183 
23-JUN-l986 0.128 0.298 0.428 
6-AUG-l986 0.034 0.422 0.081 
23-6EP-l986 0.046 0.148 0.311 
15-ocf-l986 0.064 0.157 0.410 
12-NOV-l986 0.013 0.083 0.155 
8-DEC-l986 0.018 0.066 0.273 
5-JAN-l987 0.004 0.034 0.112 
22-JAN-l987 0.002 0.019 0.083 
20-FEB-l987 0.013 0.109 0.123 
29-APR-l987 0.004 0.065 0.061 
5-JUN-l987 0.012 0.100 0.117 
2-JUL-l987 0.088 0.189 0.467 
Station E: Kaituna at Packhorse 
Grid. Ref. M36 845 195 
Date Discharg Aeea Mean Velocity 
(m3/s ) (m2) (m/s) 
23-JUN-l986 0.351 0.742 0.474 
23-JUN-l986 0.698 0.872 0.801 
6-AUG-l986 0.350 1.810 0.149 
23-6EP-l986 0.509 0.848 0.600 
15-ocf-l986 0.658 1.190 0.554 
12-NOV-l986 0.193 OA5G 0.424 
8-DEC-l986 0.312 0.766 0.407 
5-JAN-l987 0.084 0.568 0.148 
22-JAN-l987 0.044 0.466 0.095 
20-FEB-l987 0.139 0.593 0.235 
29-APR-l987 0.103 0.549 0.187 
5-JUN-l987 0.197 0.703 0.281 
2-JUL-l987 0.660 1.130 0.585 
A.9.3 STREAM HYDROGRAPHS· 
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A.9.5 Example of Hydrograph Separation (Event 2) 
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A.9.6: Ka.ituna Stream Mean Flow (lit/sec) 
at Station A (June 1986 - Ma.y 1987) 
1986- 1987-
Day JUll Jly Aug Sep Oct Nov Dec Jan Feb Mar Apr May 
1 - 2960 590 1710 530 350 1080 162 30 259 225 475 
2 - 1810 520 1410 520 340 910 152 36 220 212 425 
3 1620 490 1200 520 550 770 140 30 1775 199 384 
4 - 1240 450 1010 540 390 700 120 38 6394 166 335 
5 - 920 540 900 2130 380 600 114 32 2331 180 267 
6 - 3960 530 830 5310 320 540 109 25 874 146 248 
7 - 1600 510 840 2300 320 500 106 21 520 156 237 
8 - 5050 750 770 1480 300 480 108 40 428 163 186 
9 - 2910 4210 770 1240 290 460 115 44 363 160 140 
10 110 5650 611 0 690 1020 260 440 111 48 329 158 177 
11 110 5750 6960 640 1190 260 440 105 44 364 157 168 
12 110 3730 3700 600 2260 270 420 88 32 5536 161 158 
13 140 2450 2330 580 1580 280 420 96 518 3042 128 160 
14 90 1680 1670 550 1200 270 420 87 377 1435 127 160 
15 90 1290 1250 950 980 260 390 103 389 804 114 165 
16 120 990 1030 1220 860 250 340 91 207 581 104 138 
17 130 830 850 970 760 250 350 94 176 495 120 179 
18 180 750 750 930 10940 240 340 91 597 425 120 213 
19 170 690 700 960 3140 210 340 93 325 380 119 833 
20 210 640 650 960 1980 220 340 82 201 344 129 2165 
21 280 940 570 960 1510 210 320 71 154 338 119 9966 
22 570 1060 3390 890 1240 210 330 70 121 389 119 4962 
23 310 990 4281 810 890 230 290 62 113 405 113 2466 
24 240 900 1077 7,60 700 240 280 59 111 499 306 1510 
25 180 890 4480 690 620 10510 300 58 103 538 296 949 
26 860 1050 2800 650 550 31920 290 48 115 468 239 649 
27 1190 860 1910 620 480 8230 290 42 96 402 164 557 
28 710 760 148 580 680 320 280 37 170 342 139 510 
29 540 690 390 590 470 :~,WO 280 37 - 331 137 477 
30 390 650 321 560 420 1410 310 30 - 318 141 441 
31 550 220 380 220 28 - 274 400 
Min 90 550 450 550 380 210 220 28 21 220 104 138 
Mean 320 2270 3620 850 1570 2140 430 87 150 1007 161 971 
Max 1190 1600 4280 1710 10940 31920 1080 62 597 6394 306 9966 
1986 
A.9.7: Kaituna Base Flow (lit/sec) 
at Station A (June 1986 - May 1987) 
1987 
Day JUll Jly Aug Sep Oct Nov Dec Jan Feb Mar Apr May 
1 342 586 816 532 351 443 153 30 259 225 475 
2 372 523 839 518 335 461 144 36 220 212 425 
3 403 494 861 521 551 479 133 30 246 199 384 
4 432 450 883 498 392 496 116 38 305 166 335 
5 463 545 884 509 383 513 110 32 367 180 267 
6 492 527 830 521 321 531 106 25 429 146 248 
7 522 501 839 532 324 496 103 21 479 156 237 
8 552 519 774 544 297 477 105 40 428 163 186 
9 582 546 773 556 287 457 112 44 363 160 140 
10 114 612 572 693 568 261 440 108 48 329 158 177 
11 107 642 599 638 579 255 436 102 44 313 157 168 
12 111 672 625 604 591 267 417 87 32 341 161 158 
13 140 702 651 576 603 276 417 91 38 375 128 160 
14 92 733 678 551 615 269 419 86 60 410 127 160 
15 86 762 705 945 627 259 388 100 83 444 114 165 
16 119 793 731 1222 638 245 339 90 106 479 104 138 
17 125 813 757 971 650 247 352 92 128 494 120 179 
18 182 754 747 928 662 236 344 90 151 425 120 211 
19 168 687 703 962 674 207 342 91 174 380 119 228 
20 215 643 654 959 685 221 344 82 191 344 129 269 
21 277 938 575 959 697 215 320 71 154 338 119 311 
22 566 1055 595 886 709 206 335 70 121 389 119 353 
23 314 992 617 810 721 230 295 62 113 405 113 394 
24 238 898 639 760 697 241 282 59 111 499 306 436 
25 181 894 661 694 616 338 303 58 103 538 296 477 
26 194 1048 684 648 551 355 286 48 115 468 239 519 
27 222 856 706 620 477 373 289 42 96 402 164 548 
28 253 764 728 584 680 391 278 37 170 342 139 510 
29 283 694 750 589 467 408 278 37 - 331 137 477 
30 313 648 772 564 420 426 :l92 30 - 318 141 441 
31 - 547 794 - 379 - 209 - 28 274 
Min 86 342 450 551 379 206 209 28 21 220 104 138 
Mean205 687 633 789 582 306 379 85 83 379 161 306 
Max 566 1055 794 1222 721 551 531 153 191 538 306 548 
321 
ion Equation for springs runoff to the Kaituna River 
flow for runoff from springs = -3.~S + O.lBB x Kaituna 
1 base flow. 
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APPENQIX 10 
PUMP TESTS 
A.IO.I Aquifer Parameter Definitions 
A.IO.2 Field Data 
A.IO.3 Programme THOM I (Computation of Transmissivity and Storage 
Coefficient) 
A.IO.4 Programme THOM XX (Drawdown Prediction) 
A:JO.1 Aquifer Parameter Definitions. 
The following definitions of hydraulic properties are based on 
Hazel, 1975. 
Hydraulic Conductivity is the rate at which water at the prevail-
ing viscosity can be transmitted through a unit area of an aquifer, 
normal to the direction of flow under a unit gradient 
Transmissivity is the rate at which water at the prevailing vis-
cosity can be transmitted through a unit of strip of aquifer under a 
unit gradi ent. 
Storage Coefficient ;s the volume of the water which saturated 
column of aquifer released from or takes into storage per unit surface 
area per unit change in head. 
Specific Storage is the volume of water released from or taken 
into storage per unit volume of aquifer per unit change in head. 
Safe Yield is the amount of water which can be withdrawn from an 
aquifer without producing an undesirable result. 
323 
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A.10.2: Step-Down Test on Bore M36-l344, 
Kai tuna. Valley 
diameter = 200 mm, depth = 30.0 m, 
Test commenced at 12.25 pm 30/5/1985 
Step 1: Q1 = 8.2 lit/sec. 
Time tl Water level Drawdown Time tl Water level Drawndown 
(minutes) (metres) (metres) (minutes) (metres) (mitres) 
0 2.37 0.00 1 2.94 0.57 
2 3,12 0.75 3 3.24 0.87 
4 3.12 0.75 5 3.44 1.07 
6 3.53 1.16 7 3.61 1.24 
8 3.68 1.31 9 3.76 1.39 
10 3.81 1.44 12 3.93 1.56 
14 4.03 1.66 16 4.13 1.76 
18 4.21 1.84 21 4.33 1.96 
25 4.48 2.11 30 4.61 2.24 
35 4.74 2.37 40 4.86 2.49 
52 5.09 2.72 60 5.21 2.84 
52 5.09 2.72 60 5.21 2.84 
75 5.41 3.04 90 5.59 3.22 
100 5.69 3.32 120 5.86 3.49 
124 5.89 3.52 
Step 2: Q2 = 12.1 lit/sec 
Time tl Water level Drawdown Time tl Water level Drawndown 
(minutes) (metres) (metres) (minutes) (metres) (mitres) 
125 126 6.36 3.99 
127 6.48 4.11 128 6.57 4.20 
129 6.64 4.27 130 6.72 4.35 
131 6.78 4.41 132 6.83 4.46 
133 6.89 4.52 134 6.94 4.57 
135 6.99 4.62 138 7.10 4.73 
140 7.19 4.82 145 7.35 4.89 
153 7.75 5.20 160 7.74 5.37 
166 7.85 5.48 170 7.92 5.55 
185 8.15 5.78 215 8.64 6.27 
245 8.91 6.54 275 9.15 6.78 
305 9.33 6.96 545 10.47 8.10 
1140 11.93 9.56 1177 12.00 9.63 
1194 12.03 9.66 12 08 12.07 9.70 
A.10.2 continued on next page. 
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A.I0.2 Continued 
Step 3: Q3 = 17.1 li t/sec 
Time tl Water level Drawdown Time tl Water level Drawndown 
(minutes) (metres) (metres) (minutes) (metres) (mitres) 
1200 1210.5 12.67 10.30 
12 11 12.79 10.42 1212 12.91 10.54 
12 13 13.00 10.63 1214 13.07 10.70 
12 15 13.16 10.79 12 16 13.22 10.85 
12 17 12.28 10.91 12 18 13.32 10.95 
12 19 13.38 11.01 1220 13.43 11.06 
1222 13.52 11.15 1224 13.61 11.24 
1226 13.69 11.32 1228 13.77 11.40 
1230 13.83 11.46 1235 13.97 11.60 
1239 14.07 11.70 1246 14.22 11.85 
1256 14.40 12.03 1267 14.57 12.20 
1270 14.61 12.24 1295 14.95 12.58 
1345 15.18 12.81 13 73 15.50 13.13 
1400 15.84 13.47 14 15 15.89 13.52 
1520 16.30 13.93 1565 16.52 14.15 
1607 16.70 14.33 1735 17.07 14.70 
2630 18.64 16.27 2725 18.73 16.36 
3030 19.08 16.71 3140 19.22 16.85 
35 22 19.91 17.54 4408 20.86 18.49 
4665 20.90 18.53 49 13 21.08 18.71 
5595 21.45 19.08 5768 21.53 19.16 
6060 21.67 19.30 
A.10.3 f'[::DGR(,M TIlOMl, F'UCH C'(,LLMHtER - AUGUST, 1985 
c 
I: ~ PHOGRAM TU MODEL THE THOHAS'~ srEP DRnWDOWN TE~T 
c 
I.: TillS F'ROGRAM CALCULI'ITES itRf\WDOWNS USING THE THEIS [OUttTJON 
C FOF: A F'[ITNT (,T (, q'U:!FIHI OISTMlf:E ~;RnM A PtJMPIIIG W~:LL 
C M ~, VArilETY OF TIHES HI A I:HMINEL SHAr'ED ACWIFER. 
C THE rtI.ILIIFEF: (S HODELLElI BY ~'()JRS OF IHAI,E WEl.LS F'UHPING 
C AT TIlE SME RATE f,S TilE ONE [,EAL WEI.L. 
(' THIS n:Er,n:s THE EFFECT OF A SIRI,F' MlUIFER [10lHILlfD BY TWO 
C PARALLEl. BARRIERS. 
I: (,S THF (tRf,WfiOHN HIC[,EttS[S riECIIARGINIi SPRINGS OCCUri. THFSE 
C ;',~:E IW[tELLUI BY REGH,i~:GHIG HIAliE WU.I"S. 
C 101 (,L [lriAl.JLIOWNS AT Er,CH r IHE STET ARE CnLCUL(,TED WI SIIHMIIH1 
C THE I;OMf"f)tlUIT O~:flWDIJ~IIIS F ROH THE F:EAL WELL Milt THE HlflGE WEl LS. 
C 
C 
r: THIS F'ROGRf,H HUST [IE LINKED WITH, 'FIINCTION THUS' 
C 
C 
C 
IN T E G [: R HI, 0 IJ T , F I IF.. I , " , J d. , IF'L 0 T , IRE AD, ,11 , I 1 , ) 2 , L! , I 1 F. S T 
REnl. PI,T,S,DlS1W,Q,02,Q3,O[tOWH,TIME,TERMW,TERHI,VAR,SOME,[IISTI 
REAL COEFFl,COEFF2,SW,SI,TIMEl,11ME},TIHE3,TIHEA.(:OEFF~,COEFF~ 
REAL COEFI,COEF3I,COEF~I,OI,OI2,OI3,C,WLl,Wl.2,WL3,TIMER,QR,ORR 
REAL TEST,TIMEX,DDX,SR,TERHR.OR2,TIMER2,TIHEX2,ORR2,SR2,ORlIH 
REAL ORRJ,DTWI,~TW,TIH[~2,TIHE33 
C 
c 
DIHENSION X(200),YI200) 
1 N=~; 
lIUT=6 
FILE=lO 
H:EI\I.I=:! 
OP[NIUNIT=FILE,NAHE~'rHOMt.OIJT',TYPE='NEW') 
OPUlllIN IT" 1 RE;',lI.tIA11E"'" TItlE. [IA f' , Tn'E=' OLD' ,RU,DONL Y) 
c 
c 
c 
(' INrUr DATA FROH TERMINAL 
C 
WF:ITEIOUT. LOOO) 
1000 FORMATI' ENTER ALL VALUES IN 5.1. UNITS ',I 
fNIER lRANSMlSSIVITY '$) 
eel.' 
1010 
1020 
READ IIN,IOIO) T 
T = O. Il()~i 
FOFiM(,TIFtO.O) 
~H': I T E (Q I IT • \ !.) 2 0 .) 
FORHATI' ENTER STORATIVITY 
r\l::r,D IINolOIO) S 
cce 5 = 0.005 
C HRITE(OUT,11l25) 
'$ ) 
1.:1025 FORHATI' ENTER WELL LOSS COEFFICIENT C '$) 
C READ IIN,lOlD) C 
C " <l.O 
I.' WRITEIOUT,1030) 
1.'1030 FORMflTl' ENTER DISTANCE FROH PUHPING WFLL '$) 
c READ IIN,IOlO) DISTW 
[tJ51W = O.t 
VAR = DISTW*~ISTW 
C WRITEIDUT,t(40) 
CI040 FORM!'(' ENTER I(EAL F'IH1F'ING RATE STEF' 1 
C READ IIN,lOIO) 0 
(J '" (). ()fol~? 
'$ ) 
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C 
L 1 0 '11 
\: 
~JF; ) lI=: (OUT. 1 (I 11 ) 
fORMAT!' ENfER IMAGE PUMPING RATE STEP 1 
READ (IN,1010) Dr 
IH " (), (;08.2 
t: lJF:JTE(Ollfdo4;') 
'$) 
CI042 f·OR/!;H (' EIITER IIler,EASE TO r,EM. f'llMF'ItIG STEP 2 '.) 
C HEMI (IN,I()10) (I;> 
U: 'J,003'? 
C WRIIE(OUT.1043) 
elc.4:! For,~lflT(' ENIU:: INCfiEASE TO IMtiGE F'tlilf'HHi STEP 2 '$) 
C READ (IN.10JO) 012 
lll2 " (',0('39 
C WRITE(UU1.I044) 
ClOO\4 FormtH(' ElIlER urCF;~ASE TO ri(':ll F'UMF'HIG STH' 3 '$) 
C READ (IN.I010) 03 
!E " 0.00:) 
r WI, 11 E (DIIT,\ 1,).1:;) 
CI0'l::; For\l\AT (' [NTUi INCREASE TO IMAGE F'IJMF'IllG 5TEP 3 '$) 
C READ (IN,lOIO) 013 
win IE «(UIT. H)46) 
10'16 HJF:MAT(' ENTEF: [ITSTMICE r:EllJEEN f'OMF'IN(i WELL' ./, 
, Milt IltflF:ESI F'fllR OF lIlAtiE WELLS '$) 
REnD (IN,1010) SOME 
eCL SOME = 10.0 
~)RnUOIIT,'191 ) 
491 FORIHd (,. ENIE!, WAlER lIEPTI1 WHERE FIRST RECI1t1F;r.E RI~H: OCCURS 
REflD (IN.1010) k~Cl 
eec RI::CI "1.0 
1047 
J048 
eee 
Wf,IlECOlll,104?l 
FORM/il(' ENTER FIriSI RECHf.I\GE RATE rEF; ~IETRE [lECLINE IN HEAII 
READ (IN,loIO) URR 
Of.:f, " ,,',).007 
~lIn n: WU T , 1 (l18 ) 
FORnAll' ENlER LIMIT OF FIRST RECH~RGE RATE 
REnD (IN,1010) URlIM 
OF;LIM '" 0,0<18 
Wfn TE (ntH, 1''';!) 
FURHAT!' ENTER WATER DEPTH WHERE SECOND RECHARGE RATE orCURS 
READ (IN,1010) REC2 
eec REC2 ~ 1~.5 
:l049 
cec 
ccc 
r 
(;494 
~jF:lTE <OUT •. 1 041) 
FOI,MrH(' [lifER SECOND riECflM,GE filHE f"ER MEIRE ItECUm: IN IlEAD 
READ (IN,1010) URF:2 
ORR2 ~ 0.0068 
"Hi 1 TE (OUT. ,\'1;~) 
fORNAT!' EHTER LIMIT OF SECOND RECHARGE RATF 
RE~D IIN,1(10) QRlI/!~ 
Or.:LIH2 " -·2. I,) 
: .. m I IE (OUT, ,<,> " i 
FOHHA l( , HWUT HI IT Ir~L [IFTIH TO I~J\ TEf.: 
C fd:An (11101010) DHJI 
DTNI " ~:.37 
c: H!ITUiI_ I}MnAt:U~S JllrUn:iI 
C OUI F'UI HILM TO tl FILE 
10 WkITE!FILE.(050) T,S,C,DlSIW.50ME,O,02,03.01.0I2,DI3,RECl,ORH 
H1f.;U III r:E.C;', ilRf.;;~. UHl I i12, IIIW I 
10::'0 FOf,MAII' I1IlIM. VALUES EtITEr,ED USING 5.1. UNITS: ',/, 
:.; 
1 Hrlll~C;li I :,;S (I} I TY 
, 5 rof,A TJl)J n 
HELL LfJS~; 1:IiEF Ie IF lIT 
• DIG1A"CE FRUM F'UMPING WELL 
""' ',F15, 7,/. 
',ri5.7,/, 
',F1!).7,/, 
'.F,15.7,/, 
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" 
MI[I IIEM,F.S! HlrJl~E. WELL hHI~ ',F15.7./. 
J , r:'UIIf-'HIG f:tllE " ',F15." ,I. 
U , PUMPING RArE INCREASE AT STEP 2 ',F15.7,/, 
8 , ~'lIiWHfG ~;()iE HIO:EASE (IT STEP 3 ',F1S. 7,;' 
f , IMAGE PUMPING RATE ',r15.7,/, 
3 , IMAGE PUMPING RATE INCREASE AT STEP 2 "'.FI5.7./, 
U IMAG[ PUMPING RATE INCR~A5F AT STEP 3 = ',FI5.7,/, 
!l , IMTER [IEF-1H iiT SHIRT OF FI~:5r F:EClliiRGE R(I1'E ',F15.7,/, 
B FIRST R[CHAfWE r,ATE PER METRE DECI .. HIF HIIiEM1= ',F1S,7,/, 
S , LIHll OF FIRST RECHARGE RnTE ',FI5.7,/, 
B , WATER DEPTH AT SfARf OF SECOND RECHARGE RnTE ',F15.7,/, 
8 , SECOND RECHARGE RATE P~R METRE DECLINE IN HEAD= ',FI5.7,/, 
B , LIf1Il OF SECOND F:ECHARGF. HAfE " ',FI:" •• 7,/, 
8 , UH 1'HIL [!~:F'rfl 10 wrlTEr~ -: ',F \::;.?, II 
Il TIME [lEPHI TO WATEr, " 
,., 
r 
C 
C 
I: CALCULArlON UF DRAWDOWNS AT SET fIMES 
C 
Sf:: "' 1).0 
(OEFFI = O/14.0'PI'T) 
WL 1 Ci'C1U:~, \; 
COEF! UI/14.0lPI'T) 
COEFF2 S!C4.0fT'~O.O) 
llRnlJ DlSTWSDlSTW'COEFF2 
C INPUT TlnlS FROM DAtA FILE 
DO 20 II 1,100 
f(EAll( H:EMI. 1 o::;~, I TI ME 
10:';:, rO~;Mril <r In.o) 
n'TltiEoElI.-';"t9) GOTO 25 
lIMEl " TIME 
SN = COEFFl*THEISITERMlJ/TIMEJ 
[lll()WH Co SWH~Ll 
DTW DTWIiSWtWLl 
C(ILClIU,lE THE EFFECT I.IF tHE Il1AOE WELLS 
DO .I;' L = 1· ~,()() 
IITS fI L'SOIIE 
DI511 UARIDISTI"2.0 
TERMI ~ DISTI*COEFF2 
~~I " I;OEFIHIIEJS(lU;fIIlTlMEl 
11[1014/1 ~ (I[IlIWtH2.0*SI 
Drw : DTW+2.0.SI 
117(81.L T .(I,OO!) G(110 ;!2 
1:; Calif) mJE 
;:2 ;:(11) TIME 
Y ( I 1 i {I] W 
,.1= It 
C WRIrE(DUf.1060ITIME,[!TW 
YRlfECFII.E.t060IfJME,DTW 
J060 FORMA1/2X.F10.2,t4X.FR.JI 
:'(\ COtiTl/JUI, 
I; 
r 
r CALCULATE FOR SlEF2 
C 
j' 
I~L~~ '"' CHJI.2H2.0 
rUEr~I ~ nr2/14.0tPIrT) 
lERMR = VARiSOHE**2,O 
'1 E~:m~ = lEF:MR~C(llF r;~ 
1[51 LO 
ITE~,T ~, 1 
(' HIF'IH rIM!' VALUES Fr,flM nATA rTI F 
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[10 30 \;, 1, t O(l 
READIIREAn,t(55) TIME 
JF(TJME.En.-999l ~DTO 35 
TIME;: = TIME-TIMEt 
TIMEn " f'lME 
~)W " COEFf' U 1 flEl S I TERflW/TfME HCOEFF:l n 1Ir:I S I lERM!~1T I ME 2) 
llII(l~1N " 5\·) tWL;: 
[llW DTWItSWtWL2 
c CrlLCUUllE !fIE EFnCT OF THE IMAGE WELL5 
c 
?GOO 
,2H 
[10 U. L " 1,:'>00 
[I,lSTI USOME 
OISfI = VARt[lISTI";:.O 
HF:ilI " 1.I{!3TX.t:COOF? 
51 = rO[FI'THEISITERMI/TIME)tCDEF3J*TflEIS(TERMI/TIM~2) 
DDOWN " DDOWNt2.08SI 
nlW = DTWi2.0ISI 
IFISI.GT.O.aOI) GOTO 26 
UlLCIJUlTE THE EFFECT OF A RECH(:ROIlIG SPRING 
IF(TFST.EQ.2.0) Goro 9HOO 
CONIINUI' 
GOIP 27 
IH::; r " ~~ 
IFIDTW.GT,RECI) OOTO 9900 
GO TO 27 
Tl m:x " TI ME 
lEST" 2.0 
IFIITEST.ED,jl GOTO 28 
fTMER = TIME-TIMEX 
illn .., llTW'-HEC I 
Ill( " (Wf,UI[IX 
E.F: " 0[,HIIE15nERMfUTIMER)/(4.IJU'UT) 
DDOI." " lIf!IJWtltSF: 
fill.! JlTWHW 
GO TO 2? 
>: "" \ = T JilE 
'( (I;) "' it 11.1 
C M~:JH((I\.II,lObO)rIME,(lTW 
WfnTUFJI F..I06CI)TH1EdITM 
:;0 (fHIT HillE 
I; 
c 
CALCULATE FOR THIRD lIME STEP 
C 
!~ COEFF4 3 OJ/(4.0*P[IT) 
C I~F: Il £ ((lIlT, '13) D[tOt,m, SR, fiR IT I ME 
C13 FORMAT I , ;:O[l[IO~1N :; ',F'l.Z,' SR = ',F7.2. 
C ' 11 F: " ',P' 7 • ~ , , TI 11 E '" ',F 7 • 1 ,; /) 
WL.3 " (HO:!H1J 
WLJ = CfWL3tt2.0 
[OEF4I = OI3/14,O~P]'T) 
T[~;l 1.. f.) 
[lEST" 1 
(llFST ;:: ;1,.(l 
HdLST " :~ 
c Itll'Ul TIME VM.IlES nWM [lATA FILE 
[10 40 TJ ;:: 1.100 
REA(I(IREAD,1055) TIME 
IFI rIME.[O.-7S'';') G(110 4::; 
THIEJ TIIIE-TIIIU:' 
TI Mr:n llilE 
IIMEA = r'ME-TIMEI 
51;1= cn~FFt*TII(ISITE:~:I1~J/TJMf.:)'CnEFF]*THEI5(TERMW/T]f!EI) 
+CLlEF F·H TIlE T S (H.RI!t.J1T I 1'11..1) 
Of/miN '= !,\~I lOll :1 
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c 
[ 
c 
en 
c 
3b 
t~ 
C944 
C 
J 
nTl~ " IITiJI1SIHIdI,,:\ 
CALCULAfE fHE EFFECT OF THE IMAGE WELLS 
[IIJ 36 L " 1,~,()O 
OIH fI USOME 
DIST] E VARtUISTI"?O 
[ERMI • VISfJ.CDEFF2 
~I ::: CUEFllTHEISITERMI/TIM[)tCDEFJI.THElSITERHI/TIMfA) 
tCO[F4I*THEIS(TERMI/TIM~J) 
DUONH ::: DDDWNt2.0tSI 
DIN = nrWt2.ntSJ 
HIEI .GT .0.0(1) G()IO ;5", 
CALClILflfE THE EFFECT OF A RECHARGIHG SF'RING 
TIMER = fIME-TIMEX 
[lUX = l:IHJ-RFCl 
(If; = OF:Til[I(IX 
fFIUR.GT.ORLIMI GOTO 91 
(If, '" mill M 
SR = IlRHIIE[5( rERMRlllMERI!(4.();+'PUJ) 
ounWN = UDOWNtSR 
[lIIJ • [lHJtSI\ 
WRITEIOUT.9!) 3W,SI,SR 
FOf..:tlAT(' GW ::: ',F7.2,' 5,1 ',F7.2,' SR " '11"7.4) 
CALCULnlE THE EFFEcr OF A 5ECDH[I RECHARGING SPRtHG 
IF(TEST.[fl.:~.OI GUTD 9flflO 
IF(JIJI,I.GT.F:[C:') milo '1990 
GO TD :.17 
lIME'>:;> " 11M!: 
., FSI '" ::'.0 
JFIITEST.ER.l) GOTO 3D 
TIMER2 ~ TIME-flMEX2 
Ufe '" [lrifi21JIII.>:2 
IFIUH2.GT.GRLIM21 GO TO 906 
Ofi2 ~ QRLII12 
SR2 = OF:2.THEISITERMR/TIMER21!(4.0*rltT) 
OOOYN DDOWNiSk2 
IITM " [ITWY~r(,~ 
1)0 10 ;7,7 
COIIT 1 Uti!: 
bO TO 37 
IrLi;T '" :-
nil TO ,51 
IME;H = 4 
.I 1:.1+1< 
x LJ) = lJ HI 
'1(..1) =. llltJ 
Gr.:l " SRtSf.:2 
UklT[IOUT,944) 5F:2,QR2,TIME 
F!lr~f1Al(' :;~:2 '" ',F7.2.' (If;;2 
WF:ITEIOUT.I0601TIM[,DTW 
IJf'lT[<FILE,1{l60ITIME,[ITW 
'10 COtHIIWE 
c 
c 
G 
CC 
C 
C CREATE OUTPLIT FilE FOR PLOTTING 
C 
45 IPLDT = 9 
flf'UI(lJHl r~'If'LOT,NM1[='THnMl.F·LO' .TYF'E='NEW' I 
~: " 1 
.)1 "' .1/10 
[10 2000 I 1 • .11 
WRtT[IIPLOT,30001 (XlIl),ll=K.Kt9) 
K THOll 
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:000 CONTfNUE 
IH.JUIO,[O •. J) I1IJHI 20.10 
WRITE< IF'LOT,3
'
)OO) (;« Il), I 1"1<: • .1) 
2010 CONTINUE 
r; I 
[10 2020 I =1.Jl 
WRlfE!lPLOT,30101 (YCI1),Il=K,KtY) 
I, " I.UIJH 
2020 CONTINUE 
IFIJI*10,EQ.J) GOTD 2030 
bJF; IT E C I PL OT, :Hll (I) ('( ( II) • 11 =K, J) 
2030 CONTINUE 
3000 FORMAT«10)(F7.1) 
3010 FORMAT(10}IF7.2)) 
C 
c 
c 
c 
CL05ECU"IT=IPLOT,DI5PDSE='S~VF') 
CLOSECUNIr~FILE,DISF'OSF~'SAVE') 
Cl.OSE Wlln, I r,EM'I, 1.11 SF-OSE=' SAVE' ) 
ENli 
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IfIlIAl WILlJLS unU:EH IJSHIG S.!. Urnl!', 
1 RMIStil S", I l)t TY 
~:. IORill [I.) I1 y 
W~LL LO~S COEFICIEHf 
lilsrMICE rEllli F'lHWHW ~ln.L 
IIISTANCE REllJETN f'UMPHlG !.lFLL 
~ND NEAREST IMAGE WELL PAIR 
PUliPJ IIG klHE 
PUMPING RATE INCREASE nT STEP 2 
F'UIIPIIW RATE INChEfiS£: fIT S1[P :1 
IMAGE PUMPING RATE 
0.0048000 
0.002;:;000 
1).0000000 
0 • .1 (l(H)()OO 
4 '1. 5(.00000 
O.OOS;!()OO 
O.OO:WO(lO 
().005()000 
0.0082000 
IMAGE PUMPING RATE INCREASE AT STEP? 0.0039000 
IMAGE PUMPING RATE INCREASE AT STEP 3 
WATER DEPTH nr START UF FIRST RE~HnRGE RATE 
FIRS T R[CI1M,DE Efl TE F'H METF:E DEeLY NE I N HE' f~[I'" 
LIHIT OF FIRST RECHARGE RATE 
WMLR lIErHI M SH,rn (IF SECOND RECHM,GE RATE 
SECfJNll F:ECIlM:\;E ~:AlE H:f: METRE (lECLIME IN HE.HI", 
LIMIT OF SECOND RECHARGE RATE 
INITIAL VU'TIl 10 Wtd EI~ 
TIME [lEPTH TO WATER 
(HI ndrllJ\·L'S) 
1 ,(;0 
2.00 
~~. 00 
'1.00 
6.(1() 
1.00 
8.00 
<l.OO 
10.00 
12.00 
14.00 
16.00 
10.00 
:'.1.00 
~3, O() 
.50.00 
35,()() 
10.00 
J2~OO 
{,0.00 
n;.()O 
,'0 f \'0. 
100.00 
1::0.00 
L>LOO 
:1',>5.00 
126.00 
l27.00 
1 ~·3. 00 
12'1.1\i) 
no.oo 
131.00 
1 :';'.00 
1:53.00 
13·1,00 
J3;J~OO 
D~l.OO 
J '\0.00 
14:~.Oo 
1 ~:;;". 00 
160.0{) 
( in met.res) 
3.7;0;2 
,.1.856 
3.9,31 
:~. 99:\ 
'1.048 
4.0nl 
4.143 
<\,186 
4.22t, 
4. 2,~3 
4.3:)4 
".3)'[1 
4. 4~J8 
4,514 
4. !:,','4 
'1.~91 
4,BOl 
4.90J 
4.99R 
~.i" ;!O4 
5. 3:~O 
5,,~41 
;:; t 733 
5.8~2 
6.074 
b.lli, 
6.784 
b.844 
6.890 
6.930 
b.96f, 
7.000 
7,032 
7.062 
:1.091 
7.\ 19 
7.146 
l.22:3 
7. :n 1 
'7. :~84 
7.:';49 
? ~ 6S;! 
O. OO~;OOOO 
8.5()OOOOO 
-0.0()f,4500 
-0.0488000 
16.0000000 
-0.0068~00 
-2.0000000 
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:1 f.t. • {,O 
170.00 
.IB;:'.'.)0 
215.00 
;"15,00 
2?'Y~OO 
~'\()~j. 00 
~·t~i I ()O 
1110.00 
1177.0(l 
119·1.00 
1208.!"(j 
1:'10.00 
1210.::;0 
1211.00 
121:'.00 
121:3 .00 
1211.00 
J.:~15,(l() 
1216,,00 
.l217,(/~) 
1218.()O 
1219.00 
122(,·,00 
1222.00 
U2·1, 00 
J226.00 
1 ;~~.~B. (,0 
1230.00 
1::35.00 
1.2:~9 ,(,0 
1246.00 
I ;~:;6. 00 
l~P.O() 
1;>70.01i 
1295.00 
J~~45tl:t() 
1373.0·j 
1400.00 
141'3.(H\ 
1~,20.00 
1565tO~) 
It.O?OO 
17·1:<. CoO 
.\. 975. ':){I 
206:30.\1\\ 
;·!725. oCr 
~1,1)21i. 00 
3110.(,0 
3~~22 ~ 00 
·1408.00 
~lo6~ .00 
491:\.00 
:;768.0(, 
6ObO.OO 
7.790 
7 .. 85·,'" 
fl. 104 
8. ~,,~ 2 
(l.n63 
9. III 
9.:J~2 
10.451 
11.8f13 
11.9·15 
11.973 
12. no 
1;>.796 
12.IH''> 
1;~,n6/ 
12.899 
1~.93/1 
P.'?66 
13,024 
13.051 
1.3, (,78 
1~1 .• 1(i;3 
is,15() 
n.l'!:" 
13.738 
13,279 
13.31B 
LI.411 
I;" .1BO 
LL'39:~ 
13.743 
l3.89S 
1~ .• 9:~5 
14.24::i 
H.784 
.1:,.310 
I~,. ·144 
]6.:\19 
1,S.524 
[1, • .702 
I}, 11'2 
17.1319 
1?nlH 
19. l51 
15}~:;21 
l <" I ,~.:;6 
20,,03b 
0.711 
0.867 
1 • ()()~j 
1.32b 
l.3ff7 
t .!'i07 
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c 
C PETEr:; CfILLMWER - AUGlIST, 190:') 
C 
C A PROGF:M1 TO MOllEL THE THOMS'S [IOF:E (113611344) MiSTRACTHU; WATF.R 
C r ~:OM TIlt: BiISM, fIlIIlHE~: HI THt: 1<:(,1 TUNfl 'HILLEY. 
C 
C IfIIS F'ROGHAl1 U1LCUU\l[S [IRMWOWNS USIIlG THE THEIS EOUriTIGN 
C FOR A POINT AT II SPECI~I[D DISTANCE fRUM II PUMPING WELL 
C AT A VARIETY or TIMES IN II CHANNEL SHAPED AQUIFER. 
e filE Mill [FU: (5 MlJltELLUI BY f'I\H:~ I)F IMAGE ~JELLS F'Ur-WING 
C AT THE SAi1E f\iH[ M; THE ONE F:EAL WELL. 
C THIS CEEfI1E:'-; THE EFFECl OF I) SfF:U' (,f)IJIFEF: BOUNDF.[I BY TWO 
C PAHALLEL IMPERMEAOLE BOUNDARIES. 
C {I;, ll~:fII,JillJlJll IIH;EUr"ts SOME t:E CHARfJ HlG 5F'R I NGS OCCUR. THE SE 
(' rlRE rHJ[I[LLED Jf( i: IH::CIIAliGH1C UIAGE WI-l,l. 
C 
C 
r TillS F'fiOl3riMI r1lJSI' [II· I U1K(II WITH, 'FUNCTION THEIS' 
t' 
L 
L 
UHEGE.R FILE • .trl1ES r, J N, IF-Un, ITEST, I l.J,L,L IMTrO!IT 
REAL nlEST,e,COEFI.COEFFl.COEFF2,PDOWN,DDX,D[lX2.PISTI,DI5TW 
REAl, DTW,DrWI,Exp,PI,O.DI,DR,OR2,aRLIM,D~LIM2,DRR,DRR2 
REAL RECl.REC2,5,sr,S8HE,SR,SR2,SW,T,TERMI,TERMk,TERMW 
REAL lESl,TIME,TIMER,TIMER2.TIMEX,TIMEX2,UAR.WI.1 
c 
c 
r 
c 
c 
DIMENSION X(100),YIIOO) 
111<; 
lJLI I 6 
F IU>10 
UPEN(UNIT~FllE,"AME~!THOHXX.OUT',TYPE='NlW·) 
f'I '-: 3. 1 41 ~i? 
r INPUI' Dnr~ FRUM lERMINAL 
C 
.111 J 
l.JFn r E ( OU T , 1 l .II ) 
rORMAl'l' ENTER INITIAL DEPTH TO WATER 
EEAD 1111,1(10) D1WI 
t,Jf( j TE IOUT.l nOll) 
10(10 FOIIIIM(' HIlTR f~LL UMUES IN 5.1. tHlIlS ',/ 
'$ ) 
HITER n:MI:~IiISS1VnY : '$) 
ccc 
1010 
.10:0 
REnD (IN,JOIO) T 
T :; (). OO:'j 
FOI~MAI'(FIO.()) 
WF: I n. (0111 • J()20 \ 
FORMAT(' [U1[1I STORAflVITY 
c \,IRIIE(f,l'IT·10:'~:ii 
• $) 
U02:; r'OIlt1AT(' [Nln: ~!EIL LO:3S COEJTICIElH C '$) 
C heMI (Jlld(lj(" C 
C " ('. 0 
tmlH([1UI,t030) 
10JO FORMAIl' [NI'ER ~lsrANCE FROM PUMPING WELL '$) 
READ (IN,1010) hISTW 
VAR DlsrW.DlSTW 
vIr.: 1 TE (tilil ,I (jl)(l) 
FORMAfe' [NT[R PUMPING RATE 
~:Efl[l (I)l,lOI0) li 
, $ ) 
33'1 
A.I0.'i 
,mI IEWUT, 1(11) 
10'11 fOlmAl(' ENTER 10:;lo~:l1() OF TlM~. Ul1IT (in mimJtes) 
FOR CALCULATIUNS : 'S) 
READ (IN,1011) LIMT 
1011 FORMATC(4) 
fJ[( ITECOUT,! 0<16) 
1046 FORMAT(' ENTER ~ISTANGE BETWEEN PUMPING WELL ',I, 
, MW 11EM:EST f'rdR OF IM{){;E iJELLS '$) 
REAU (IN,1010) SOME 
eec SOME = 3U.0 
WF:UE<OUT,<;,ll) 
941 FORMAT(' ENTER WATER DEPTH iJHERE FIRST RECHARGE RATE OCCUR~ '$) 
READ (IN.l010) ~ECI 
1m ITE (oU f, 1':14?l 
10<17 FOF:litIT(' ENTER FIRST fiECH(~RGE F:(lTE PER MFIRE liFeLINE IN HE(ID 'I» 
c 
c 
c 
f:EAll (INdOl0) U~:F; 
[J[\R -0.007 
~mlTE(oIJT. 1(48) 
FORMAIC' ENTER LIMIT OF FIRST RECHARGE RA1E 
READ 110,1(10) DRlIN 
aRLIM " -0.0:, 
W~:IlE(oUT.?4 ) 
FOEIlIiT (' Ell'! n: W,dER [lUTI! WHERE sreatH! R[CHM:GE RtJTE (I(:CIIr.:!' 
hUd.1 (II" 10 lIJ i In-.C:! 
\,)£,:11[(OUT.l0<1<;') 
fDRIIM(' ENTER SECOND F:ECflMd,E r~I\TF pm MFTRE liECLlNE HI HEMI 
REAli (IN,1010) Ukk2 
okr,2" -Q.0068 
WI':IT[(01.l1·,"1;I) 
FOF:MTi' ENTER LIMJT OF 5f:.COrW RECII{lRGE RtllT 
~;EM! IIN.HiIO) [mllll;l 
C IN1TIriL 'h,\I\lM<LES IW)[ Nm.1 r:[OI ENTERHI 
C fJUITlll THEM 10 fi FlLt: 
C 
10 WRITEIFILE·I050) T.S.C,DISTW,SOME,D,[JI,RECl,DRk,DRLIM 
,~:FC2, lIHF:2 111~:I. In:.!, unJI 
1050 FORMATI' INTIAL VALUES ENTERED USING 5.1. UNITS: ',I, 
Ml 
,S'l 
C 
r: 
,. 
,J 
7 
J 
8 
H 
8 
p. 
8 
'I' 
',' 
, TRANSMISSIVITY 
, SrOf,l)llVITY 
WELL LOSS CDEFICIENl 
, liI:3fM1CE Fr.:IJM F'tl/-IF'lNG WEI.L 
" ',Ft::l.7,1. 
, ,F 1!"5 f 7, i, 
',FtS.I.I, 
'.F!5.7,/, 
, fiU;TM/I;E l.iEHIH'N f'I.IMPHIG 1~r:LL ',/, 
, AND NEAREST IMI\GE WELL PAIR ',Fl~.7,1, 
, r"UtH'!tHj HtdE ',1-1:'<, -,./, 
, IMAGE PUMPING RATE ',E15.7,11, 
, Wflll:~: [lFF'11l IJHH:E Fll\;;T RECHM ": f:flTE OCCURS: ',FIS.7,/, 
FIRSl RECHARGE RATE PER METRE DECLINE IN HEnD~ ',F15.7,1, 
MnXI.MtlM FLI.I14 OF Fn:ST RI=:CH(IF;t,E I~ATE ',FI5,7.//, 
I I~AT n: DEPTH WHEF:E SECOND riEGHAr,CE r(IH E orCIJF:S ,.. ',F 15.7, /, 
, ::>u~(ltHr ~:ECHM:I;E RATE PH: MEH:E J.rECLHIE IN HEArl: ',Fl: •• 7./, 
I MAXIMUM FLOW OF bECDN[I RECHARGE RATE ',FI5.7,11. 
HIHlfli. JlEF'TfI 10 ltWTEr: ',FI.,hl///) 
WRIl[(FILE,67) 0 
FU~:11rll (' ,n r'UhPHI!; r::IiH (1 
11MI' [IR,iWJ:!OhlN ',I. 
( i n m~ te T' S ) , , / ) 
r; COIHlENC[ UILCIJLf~ r ION or IIRli~lliOWIIS (I r 51: TTl MES 
c 
ITSll.n 
I Tun c I. 
,'I IT S T .0 t. 0 
UIiESl 1 
cnUTl "l1i(4.(IU'TH) 
'$ ) 
'$ ) 
, $ ) 
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A.lO.1f 
I.JI 1 
COLF I 
COEFf ;! 
TFF:tHJ 
TEr\M~; 
5U liliES 
II (1 :.~ () 
,) 
Ctllt.P.{l 
() 1 / ( ·1 • ',) H' I :n ) 
• S/14.0'lt60.0) 
'MR*CO[FF~ 
~OME*SOME*COFFF2 
TU GIVE lEN POINTS 
II 1 d, Hn 
11 
E,n' o. u [1 
JT Mf. Hi. (lUEXF' 
F'ER LOC CYClE 
GW COErrl*fHEISITERHW/TIME) 
[I [IU1o.I11 RIHWLl 
IfTW [I n~l+SIH!.ILl 
C UII.CUUIIE HIE EHECT OF THE HIflI:;E ~IElLS 
til) I;:. L J ,100 
[I) 5T I USDI1E 
UISII UARIOISTI"2.0 
TERMI OlSTI1COEFF2 
51 COEFIITHElS!TERMI/TIME) 
OilIJWN ,., ll(lIlI~tH2 d);!,SI 
Iillo.l rIHH2.(l*S[ 
IFIc;rdH.O.OOl) HflHl 1:; 
C AS THE WATER LEVEl. IN THE PUMPING BORE DROPS BELUW RECI METRES, 
C r. F:ECHflF;GItIG SPF: BIG (H;CIJF:S 
JF(lFST.En.2.0) GnTO 9800 
I F I [II ~J ,,; To F:~:I; 1) GOTO 9900 
00 TO 22 
n00 1111EX " II ME 
TEST 2.0 
9800 lFltTEST.FU.I) GOlD 30 
TIMER = TIME-TIMEX 
[IV:'. Inld-I\ECl 
011 (lI~R*[I[lX 
5F: (IF:*, TilE! S <TERMR/Tl HE[.;) I (.,. O;f:PUT) 
[lliO~JN JlllilldiH Sf: , 
ItTW ::; [IHHSR 
C Mi lHE wrl TU, LE')EL HI lHE f·I.II1f' JiHl BOf;E OF:(WS BELOId F:EU METF:tS, 
r (1 SECOND F·:ECIUlRGING SF'F:ING OCCURS 
IF«(\H::~;T.ElI,;!,() flora n>,80 
11'([IHl,IlLfiEC2) Gurn 't~'90 
till HI n 
THIEX2 TIME 
(dESr 2,{) 
IFIlnTEST.EU,l) GOlD 39 
TIMfR2 = TJME-fIMEX2 
[111;(;' " lIHJ-RFC2 
flf:;' ilrlR2nl(IX2 
SR2 ~ DR2*THElSITERMR/TIMER2)/(4.0tF'I'I) 
DDOWN ~ DDOWHfSR2 
nll~ [ITWlsr\~ 
G(ll 0 ;>:~ 
1:; cOin lilLIE 
1;0 [I] ~2 
,~B rnST " ;~ 
flO TO 'n 
39 InlEST = 4 
C STORE THE GAlCULAIED TIMES AND DEPTHS TO !.lATER IN AN ARRAY 
C FIJR !'UlTl ItfG 'I ill I WF:IIE fHEM If) THE ,'llH'ur F!LE 
;!:' K ( I I) '" T I ME 
Y( II) " (lnl 
WRJT[CFILl,1060ITIHE,DTW 
1060 FORMAT(4X,FB,O.11X,F8.31 
C IF HIE [lr\l\lJ!.IOWrlS CriIJE;r: TIlE MlUlF[F: Tn [{[COME [1E:-!.I~ITrF;E[I Wf.:ITE 
C (I tiES:~'I"E PI HIE Illl1fllT FIl.E /\till f:EIJUI.E THE ~'IItIF'!HG ~:"TE [lY 
I. 1.0 LITR[S rER SECOND 
I r (Ill I.J. i,T, ?, .1) \ r;fIlfl .V. 
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A.I0.Lf 
(; II I U :'0 
W~lr[(~ILE,67) flME,n 
I Of;:l1rYl (' (IFPlH TO ~lriTLF: EXCE[[fS 2~,O MEmES fiT TIllE 
.F8.1.' 11HH.lTEG ',/, 
, FOR A PUMPING RnTE or ·,F?5.' M~/S ',II) 
(j :: U-().()Ol 
(1(1 TO 68 
20 COlli lilliE 
c 
c 
C 
G CREAIE OUfPUT FILl FOR PLOTTING 
c 
IPLor :. If 
OPlHCUNIT:IPLOT,NAHE='THonXX.PLO',TYPE='NEW') 
K "' 1. 
J.l '" ,.1/10 
ItO 2000 1"'1,-'.1 
MR.IT E <I F'lIJT , 30(0) (X ( I 1) .I i;. ,K +9 ) 
f; U1()~1 
2000 CONTIHUE 
IF(,IHI0.EO •• Jl Gom 2010 
WRITUIF'UI[.30(0) (XCI1),Il"K"I) 
20 Hi CONTllIlll: 
I< :: 1. 
III) 2020 I loJ1 
WRI1ECIPLOT,3(10) (Y(Il1.Il=K,Kt9) 
K Ul.MI 
2020 CONTINUE 
IFLJUIO.EI].,I) (ion) 20;30 
~JR I IE ( 1 PLOT, ;Hll 0) <Y ( 11), I 1 "ti., ,i) 
2030 CONlINU~ 
3000 FORMAT«tO)(FJ.tl) 
SOlO FOE'iI(d«10>(F7.2») 
f' 
c 
C 
G 
C 
CLOSE (UtI! T= H'LOT, DrSPOSE'" 5rWE' ) 
CLO~E(UNIT~.ILE,DISP05E='SAVE·) 
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A.lO.1f 
HIl.ltIL WillIES ENIEREfi IJ"INi; S.T. UNITS 
H,ANSN I 58 1 Vl T'f 
!; T 0 r((11 J ',' r r ... 
WE.LL U1SC; CfllTICIENT 
llI:.'rANCE Ff,0i1 !'UMPrt/G WtLL 
l'ISTMICE llETMHJI PI)MPIt-W !'IEI L 
nND NEAREST IMAGE WELL PAIR 
r'um'lIw F:(!l F 
IMAGE PUMPING RATE 
0.00430()0 
0. O()~?:)O()(J 
o • (lOO{lO()O 
100.0000000 
44. :,(l00000 
'.1.0140000 
0.'.1110000 
WATER DEPTH WHERE FIRST RECHARGE RArE OCCURS = 
FIf,ST RECllr,RGE krilL PER MEH:E OfCUNE IN m:AD" 
ihiXII1UM FUJW OF FIF:ST RECflf,Ef;E RATE 
HInEr, OEr'll1 l~11EEE SECfHlIl REGljARGE RflTE orCURS " 
SECUND RECflAR~E RATE PER HETkE DECLINE IN HEAD= 
IlfiXHllltl FLOW OF SECON[I RECHARGE RATE 
INITIAL DEPTH TU wnTER 
~T PUMPING kAlE 0 
THiE 
(in ndnlJ\.es) 
1 • 
.', 
"',, 
., 
~ . 
H. 
I () • 
13. 
1.6. 
100. 
P6. 
.150. 
2()O. 
316. 
501 t 
631. 
794. 
[000. 
1 2~.i<'') ~ 
J ;58t:1, 
0.014(10 
BEAWDOWN 
(in n,cLers) 
0.000 
o,noo 
0,000 
O.O()() 
O.()OO 
0.000 
O.()()l 
(l.003 
() • ()()'? 
0,021 
0.044 
0.001 
0.138 
0.220 
(l.~~Q 
O. -180 
0.6611 
0.901 
1 • ll:l;j 
1 ..... , .. r L. Ji.., 
~.54? 
4.238 
5.061 
~t t 98Ft 
7.030 
8.20? 
9,~; 4.~ 
11.04;', 
12.7:3:5 
15.0000000 
-0.0030000 
-<).03001,)00 
23 .0000000 
-0.0030QOO 
-1 .00(IOO\lO 
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APPENDIX 11 
FREE FLOW AND SLUG TESTS 
A.II.I Free Flow Test 
A.II.2 Free Flow Test Calculation 
A.II.3 Slug Test 
A.II.4 Slug Test Data 
A.II.S Slug Test Calculation 
A.11.1: Free Flow Test 
(Based on Lee 1984) 
1. Measurement Required from Field Work: 
(1) Static head, ho (Read directly from the pressure gauge 
before commencement of free flow). 
(2) Free flow rate, Q at steady state (Steady state call be 
assumed achieved when the rate of head change is less 
than 0.05 m of water per hour). 
(3) Pressure head, h2 at 81,cady state (Read directly from 
the pressure gauge). 
( 4) Length, L as shown in the figure 1 . 
2. Additional Information Required (from well record): 
(1) Screen Length, 21 
(2) Internal pipe diameter of well, D 
(3) Pipe roughness. I': of well 
( 4) Location of well screen with respect to aquifer 
stratification. 
3. Determination of Transmissivity, T 
At steady rate the principle of conservation of energy gives 
(1) 
where v = flow velocity ill well = 4Q/7rD2 and f is the friction 
factor of the well pipe. The second term on the right hand side of 
Eq. (1) is the friction loss for flow through a length L. The fridin 
factor f can be determined from Moody diagram for known Reynolds 
Number, R = vD/, and relative roughness, I':/D. 
The steady state drawdown, 
3'10 
Datum 
So = 110 - hl 
K = Q/41fBo sinh-1U/ro) 
Finally, transmissivity 
T = K13 where IJ = aquifer thickness 
If llro < 1, 
L 
....... I ....... 0 
(2) 
(3) 
(4) 
---D- Orifice Weir I 
-I~l-=-___ 
-.-- -----~- I I i J21 
Screen "'1 
Fig 1 (A.11.1), Set up of Free Flow Test. 
3lfl 
A.IL2: Free Flow Test Calcula.tions 
for Well M36-1437 a.nd Well M361-1436 
For Well M36-1437: 
D = 0.055 m 
.Q = 107.3xlO-3lit/sec = 107.3x10-um3/s 
L = 71.2 m 
ho = 2.11 m 
h2 = 0.555 m 
velocity v = 4Q/rD2 
= (4 x 107.3 x 1O-u)/7f(0.055)2 
= 0.045 m/s 
Assume the viscosity at the ambIent temperature to be "I = 1.13x10-u 
R = vD/"I 
= 0.045 x 0.055/1.31x10-u 
= 1889.31 
Assume pipe's roughness t = 0.046 mm, 
Relative roughness 
tID = 0.046x10-3/0.055 
-5 
= 8.36xlO 
From Moody dia.gram, F = 0.051 (Fig 2) 
and 
hI = h2 + FLv2/D2g 
= 0.555 + 0.051x71.2x(0.045)2/0.055x2x9.81 
= 0.56 III 
So = ho hI 
= 2.11 - 0.56 
= 1.55 m 
Since So = Q/47rI(ro we obtain 
K = 107.3xlO-u /( 411' x 1.55 x 0.027) 
= 2.04 x 10--4 m/s 
and T K13, 13 aquifer thickness 
--4 
= 2.04 x 10 x 24 
3'12 
~ ] 
" .2 
:g 
06 08 I • 6 8 10 
I I V,lues 10; (VD'") for ~tmosP;;;-;;~at 
I ~ 10 10 .0160 1100 I 200 
0.1 ~~~4-+-~-+~~~~~~~~~~~~r-~-h~~~~~~~~ 
0.09 
O.DB 
0.01 H+-i-!t+-+-+--r-;..~ 
0.06 
O.OS 
0.04 H-,H, ~,+--
0.025 
0.02 
(.11 f. mm 
Rivet~ steel 0.003-0.03 M9. 0.015 I+f+--+--P...p..~ 
Concrete 0.001-0.01 O.ll. 
Wood stave 0.0006 ·0.003 O.l8'().9 
Cast iron 0.000!!5 025 
Galvanil~ ilon O.OOOS 0.15 
Asphaited cast iron 0.0004 0.12 0.01 ~ffi~±=t±EBffimffi=tftl Commercial steel or 
wrought iron 0.00015 0.046 0.009 
3'13 
Drawn tubing 0 OOOOOS 0 0015 J::ti:t:j:jd±ttttt:ttl:ttt=j::j;:tjjjjjjjlt§3t:~~::tt::t±f[fijE~ 000001 '-----'--___ . ____ . ___ 0.008 . . 
I 9 2(10', 3 l S t 1 9. 1(10', 3 • S I 1 9 2 (l0') 3 • S 11 9 
lOS 10 10' 101 
Reynolds numbe, R - '/? . consislent unill 
fIg 2 (A.11.2), Moody Diagram for Calculating the Relative 
Pipe Roughness. (from Moody, 19'1'1). 
A.1l.3: Slug Test 
For interpretation of slug tests Hvorslev, 1951 defined the 
following procedures. lIe reasoned that the rate of inflow, q, at the 
piezometer at any time t is proportional to the hydraulic conductivity, 
K, of the soil and to the unrecovered head difference, H h, so that 
q(t) = 111'2 @l-= FK(H h) (1) 
where F is a factor that depends on the shape and dimensions of the 
piezometer intake. If q = qo at t = 0, it is clear that q(t) will 
decrease asymptotically toward zero as time goes on. 
Fig 1 
I_! ,0) land! <OJ 
.L -I+e! 
IT~J-! I -1'0 
H h H~ I ~1,,1 
illfU1 -'-1I-R DOI~rn 
(0 I 
O. I 0'--'-.J...2 --'-1.4-'-61-1--"-8 --"--'1 O' 
Ilhrsl 
( bl 
(A.11.3)j Hvorslev piezometric test (a) geometrYj (b) 
method of Analysis. (from Freeze and 
Cherry, 1979). 
3'1'1 
IIvorslev defined the basic time lag, To, as 
T o (2) 
When this parameter is substituted in Eq.(l), the solution to the 
resulting ordinary differential equation, with the initial condition, 
h = IIo at t = 0 is 
n - h 
H - lIo e-
t / To (3) 
Shape factor in different conditions is described by Cedergren 1967. 
According to table 1 shape factor for both monitored wells is 
F = C r s (well with no screen) 
where Cs = shape factor coefficient, r 
by plotting log values of (II - h)/(H 
Figs 2 and .3. 
un-
cased or p{'.rfor-
- well radius , C
s 
is measured 
lIo) versus time as shown in 
3'1:5 
a t,ed exi ens ion in-
t.o aquifer of finitc 
thickness: 
1000 
8 
6 
4 i=ti , T Shape faclor coefflcien~ Cr , ~ f-1# Table 2.6, Case (f -I) t7 t"-
(1) ~ 0.20 
(2) 0.2 < ~' < 
0.85 
( 1'3 0 3) T = 1.0 
.Yote. Ro equals 
efi'ediyc radius 
t.o source at con-
stant head 
(From U.S. Na"), Bureau of Yards and Docks.) 
F 
(3) 
21'L3 
In (frolif) F 
i 2 
.. 
t=: 
','--
~loo 
~ a 
u 6 
~ 4 
.l!: 
10 
B 
6 
4 
7' 
1 
V 
/' 
E±t 1/ 
~/I 
V V- I 
I 
2 4 68 10 2 4 6 100 2 
Unc •• ed length/radius, L/ R 
3) S'-ape Facto"" (F) and Shape Coefficient (el.) Table 1 (A.l!. i /I L 
(from CederQren, 1967). 
I 
I 
4 6 1000 
3'16 
Table A.l1.4: Slug Test Data 
Well No. Time (sec) Water level (m) H - h log II - Ho 
M36-734 12 1.57 - 0.200 
22.7 2.35 - 3.97 
30 2.78 - 0.553 
38 3.01 0.677 
48.1 3.26 - 0.854 
M3G-1421 2 0.18 - 0.125 
20 0.5 0.522 
25 0.545 0.638 
33 0.59 - 0.853 
37 0.63 - 0.958 
A.1L5: Slug Test Calculations 
(A).For well M36-734 
r = 0.05 m, C
s 
7, To = 23.3 sec (Fig. 2) 
F C r 
s 
7 x 0.05 
0.35 
2 K=*. 
o 
_ 11"(0.05)2 
- 0.35x23.3 
= 9.6 x 10-4 m/s 
T -= KB 
where K - Hydaulic conductivity,. B - Aquifer thickness 
(average ), 
T = 9.6 x 10-4 x 24 
= 4.3 x 10-3 1112/S 
(B). For well 36-1421 
r = 0.0375 m, C
s 
= 7, To 
F = C r s 
= 7 x 0.0375 
= 0.26 
T = KB 
= 2 x 10-2 1112 /S 
16.35 (Fig.a) 
3'17 
24 m 
.. 
:z: 
, 
- "* 
:z: '" 
"0 
... -' 
I 
:z: 
Fig 2 (A.ii.S), Calculating the Time Lag for Slug Test 
on Well M36/73'1. 
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~ H ~ ~Vd 
I ~, 
.t~~L ~lU 
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::0 Ufl 
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..:'~·L U\'~ 
Fig 3 (A.ii.S), Calculating the Time Lag for Slug Test 
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40 Oil 
A.12.1 Well 
A.12.2 Well 
A.12.3 Well 
A.12.4 Well 
A.12.5 Well 
A.12.6 Well 
A.12.7 Well 
A.12.8 Well 
M36/843 
M36/734 
M36/1344 
M36/1421 
M36/1436 
M36/1437 
M36/1422 
M36/727 
APPENDIX 12 
WATER LEVEL MONITORING 
A.12.9 Lake Ellesmere Water Level Data 
3lf9 
Table A.12: Water Level Monitoring 
A.12.1 
Well No. M36-843 
Depth = 9.14 m 
Reduced level = 27.0 m 
Reference level + 0.340 111 
Grid. Ref. = M36 857 197 
Date Head Time Date Head 
( m) (m) 
860526 +2.48 
860609 +2.47 1140 860617 +2.40 
860624 +2.36 0954 860703 +2.07 
860708 +1.74 1012 860715 +1.95 
860722 +1.95 1003 860731 +2.05 
860805 +2.06 0950 860812 +1.77 
860819 +2.00 0952 860826 +1.81 
860903 +1.96 1040 860909 +2.90 
860916 +2.00 0951 861001 +2.16 
861007 +1.94 0947 861015 +2.03 
861021 +2.10 0955 861028 +2.24 
861105 +2.16 1040 861112 +2.25 
861118 +2.27 ·1040 861125 +2.13 
861201 +2.07 1147 861209 +2.26 
861218 +2.36 1353 870107 +2.49 
870113 +2.53 1030 870120 +2.85 
870127 +2.62 1015 870203 +2.67 
870210 +2.68 0949 870217 +2.59 
870224 +2.64 1457 870302 +2.58 
870310 +2.50 1416 870317 +2.39 
870325 +2.44 1036 870331 +2.50 
870408 +2.54 1402 870413 +2.58 
870421 +2.59 1510 870429 +2.61 
870505 +2.52 '~70512 +2.54 
870519 +2.46 0934 H70526 +2.30 
870604 +2.4.0 1040 870609 +2.44 
870616 +2.33 1518 870702 +2.24 
870707 +2.28 1110 870714 +2.27 
350 
Time 
1506 
1024 
1300 
1014 
1045 
1021 
1029 
1020 
1410 
0947 
1040 
1216 
1014 
0958 
1049 
1038 
1020 
1059 
1212 
1345 
1421 
1113 
1252 
1027 
1045 
1353 
351 
A.12.2 
Well No. M36-734 
Depth = 21.4 111 
Reduced level = 10.59 111 
Reference level = + 0.100 111 
Grid. Ref. = M36 847 175 
Date Head Time Date Head Time 
( 111) (m) 
860526 +5.27 14.59 
860609 +4.35 1132 860617 +3.95 1248 
860708 +3.11 1005 860715 +3.22 1019 
860722 +3.45 1011 860731 +3.44 1038 
860805 +3.50 0959 860812 
861007 +4.48 0594 861015 +4.62 
861021 p 861028 +4.66 0954 
861105 +4.80 1030 861112 +4.69 1030 
861118 +4.68 1030 861125 
861201 +4.23 1200 861230 +6.75 
870127 +9.74 1020 870203 +10.35 1444 
870210 +8.34 0952 870217 +6.18 1030 
870224 +5.17 1503 870302 +5.29 1107 
870310 +4.48 1423 870317 +4.17 1322 
870325 +4.00 1042 870331 +3.96 1328 
870408 +3.96 1439 870413 +3.91 1428 
870421 +3.85 1515 870429 +3.88 1120 
870505 +3.83 870512 +3.75 1030 
870519 +3.72 0938 870526 +3.46 0957 
870604 +3.47 1035 870609 +3.54 1020 
870616 +3.52 1523 870702 +3.38 1040 
870707 +3.36 1105 870714 +3.37 1359 
P: Pumping 
352 
A.12.3 
Well No. M36-1344 
Depth = 30 m 
Reduced level = 6.78 m 
Reference level = + 3.3 m 
Grid. Ref. = M36 844 165 
Date Head Time Date Head Time 
(m) ( 111) 
860609 +1.78 1147 860617 +1.64 1002 
860624 +1.56 0948 860703 +1.37 1235 
860708 +1.24 0959 860715 +1.18 1009 
860722 +1.23 0958 860731 +1.24 1030 
860805 +1.29 0943 860812 +1.21 1015 
860819 +1.33 0948 860826 +2.06 1024 
860903 +1.90 1026 860909 +1.34 1015 
860916 +1.44 0946 861001 +1.64 1400 
861007 p 861015 +1.85 
861021 +1.49 0949 861028 +1.65 0945 
861105 +1.55 1024 861112 +1.69 1027 
861118 +2.03 1040 861125 p 
861202 +5.15 1142 861209 p 1011 
861218 p 1349 860107 P 
870113 p 870120 +12.05 1043 
870127 P 1012 870203 +9.00 1449 
870210 +6.60 1002 870217 +3.98 1015 
870224 +2.74 1453 870302 +3.03 1112 
870310 +2.00 1410 870317 +1.77 1340 
870325 +1.58 1030 870331 +1.56 1316 
870408 +1.62 1444 870413 +1.63 1433 
870421 +1.61 1505 870429 +1.67 1105 
870505 +1.71 870512 +1.51 1332 
870519 +1.58 0947 870526 +1.44 
870604 +1.45 1030 870609 +1.50 1015 
870616 +1.50 1518 870702 +1.43 1035 
870707 +1.43 1058 870714 +1.44 1403 
353 
A.12.4 
Well No. M36-1421 
Depth = 49.8 m 
Reduced level = 4.069 m 
Reference level = + 1.22 1Il 
Grid. Ref. = M36 827 146 
Date Head Time Date Head Time 
(m) (m) 
860610 +0.92 1306 860617 +0.83 0958 
860624 +0.82 0944 860703 +0.76 1230 
860708 +0.65 0954 860715 +0.54 1004 
860722 +0.48 0953 860731 +0.52 1023 
860805 +0.56 0938 860812 +0.54 1010 
860819 +0.49 0942 860826 +0.44 1019 
860903 +0.42 1020 860909 +0.49 1011 
860916 +0.61 0941 861001 +0.75 1355 
861007 +0.66 0939 861015 P 
861021 +0.70 0944 861028 +0.82 0939 
861105 +0.78 1020 861112 +0.84 1023 
861118 +0.80 1010 861125 +1.07 1202 
861202 +1.05 1137 861209 +1.18 1008 
861218 +2.81 1346 870107 p 
870113 +3.60 1020 870120 +3.40 1038 
870127 +3.54 1015 870203 +3.50 1454 
870210 +3.52 1007 870217 +2.44 1010 
870224 +1.73 1447 870302 +1.36 1136 
870310 +i.oO 1405 870317 +0.75 1445 
870325 +0.65 1025 870331 +0.66 1310 
870408 +0.67 1449 870413 +0.71 1438 
870421 +0.87 1510 870429 +0.94 1101 
870505 +0.78 870512 +0.66 1309 
870519 +0.71 1000 870526 +0.65 1004 
870604 +0.60 1025 870609 +0.62 1010 
870616 +0.64 1530 870702 +0.55 1030 
870707 +0.54 1054 870714 +0.53 1408 
3SIf 
A.12.5 
\Vell No. M36-1436 
Depth = 91 m 
Reduced level = 3.212 m 
Reference level = + 0.28 m 
Grid. Ref. = M36 823 149 
Date Head Time Date Head Time 
(m) (m) 
860609 -3.30 1121 860617 -3.00 0952 
860624 -3.26 0938 860703 -3.30 1230 
860708 -3.52 0948 860715 -3.00 0951 
860722 -3.05 0939 860731 -3.10 1020 
860805 -3.10 0932 860812 -3.00 1001 
860819 -3.20 0938 860826 -3.30 1002 
860903 -2.56 1010 860909 -3.50 1004 
860916 -3.40 0936 861007 -3.5 0937 
861015 -3.30 861021 -2.10 0955 
861028 -3.30 0931 861105 -2.25 1015 
861112 -2.30 1020 861118 -2.25 1004 
861125 -2.35 1200 861202 -3.25 1233 
861209 -3.25 1000 861218 -2.90 1338 
870107 -2.75 1008 870113 -3.00 1010 
870120 -2.70 1030 870127 -2.70 1003 
870203 870210 -2.30 1018 
870217 -2.60 0959 870224 p 
870302 -3.20 1126 870310 -3.35 1436 
870317 -3.35 1503 870325 -3.30 1019 
870331 -2.70 1255 870408 -3.30 1436 
870413 -3.10 1459 870421 -3.30 1451 
870429 -3.30 1049 870505 -2.69 
870512 -3.40 1336 870519 -3.50 1039 
870526 -3.45 1012 870604 -3.50 1020 
870609 -3.20 1007 370616 -3.45 1537 
870702 -3.03 1027 870707 -2.93 1050 
870714 -3.07 1422 
355 
A.12.6 
Well No. M36-1437 
Depth = 71 111 
Reduced level = 3.947 m 
Reference level = + 0.700 m 
Grid. Ref. = M36 822 152 
Date Head Time Date Head Time 
( m) (m) 
860609 -2.32 1118 860617 -2.20 0949 
860624 -2.35 0935 860703 -2.30 1222 
860708 -2.30 0943 860715 -1.75 0947 
860722 -1.86 0943 860731 -1.90 1015 
860805 -2.28 0928 860812 -1.90 0955 
860819 -2.00 0935 860826 -2.30 0958 
860903 -2.31 1015 860909 -2.40 1000 
860916 -2.06 0930 861001 -2.18 1345 
861015 -2.62 861021 -2.20 0933 
861028 -2.15 0927 861105 -2.19 1005 
861112 -2.25 1015 861118 -2.16 1002 
861125 -1.78 1150 861202 -2.04 1241 
861209 -2.11 0956 861218 -1.75 1330 
870107 -1.84 1011 870113 -1.71 1002 
870120 -1.61 1002 870127 -1.43 1000 
870203 -1.45 1502 870210 -0.78 1030 
870217 -1.88 1509 870325 -1.84 1013 
870331 -1.70 1248 870408 -1.72 1502 
870413 -1.10 1.59 870421 -2.20 1439 
870429 -2.13 1041 870505 -2.24 
870512 -2.13 1340 870519 -2.24 1040 
870526 -2.63 1019 870604 -2.25 1015 
870609 -2.19 1003 870616 -2.38 1541 
870702 -2.28 1025 870707 -2.21 1034 
870714 -2.23 1428 
356 
A.12.7 
Well No. M36-1422 
Depth = 46 m 
Reduced level = 3.0 m 
Reference level = + 0.15 m 
Grid. Ref. = M36 823 149 
Date Head Time Date Head Time 
(m) ( m) 
860812 -1.03 1110 
860819 -1.09 0929 860826 -1.05 1009 
860903 -1.15 1005 860909 -1.07 0956 
860916 -0.98 0925 861001 -0.94 1336 
861007 -0.96 0921 861015 -1.04 
861021 -1.03 0929 861028 -0.95 0921 
861105 -0.87 1005 861112 -0.82 1010 
861118 -0.76 1000 861125 -0.30 1145 
861202 -0.53 1244 861209 P 0953 
861218 870107 
870113 870720 
870127 870203 P 
870210 P 870217 P 
870224 P 870302 -0.26 1145 
870310 -0.67 1345 870317 -0.90 1511 
870325 -0.99 1009 870331 -0.98 1235 
870408 -0.85 1508 870413 -0.94 1510 
870421 -0.90 1436 870429 -0.85 1037 
870505 -0.87 870519 -0.92 1048 
870526 -0.96 1023 870604 -1.01 1010 
70609 -0.97 1000 870616 -0.98 1546 
870702 -1.05 1020 870707 -1.05 1030 
870714 -1.05 1432 
357 
A.12.8 
Well No. M36-727 
Depth = 56.9 m 
Reduced level = 2.0 m 
Reference level = 0.45 m 
Grid. Ref. = M36 822 147 
Date Head Time Date Head Time 
(m) (m) 
860609 -1.41 1124 860617 -1.46 0955 
860624 -1.56 0941 860703 -1.33 1216 
860708 .50 0951 860715 -1.74 1002 
860722 -1.67 0949 860731 -1.35 1008 
860805 -1.80 0935 860812 .48 1006 
860819 -1540 0940 860826 .77 1016 
860903 -1.49 ·1000 860909 -1.39 1007 
860916 -1.79 0938 86001 -1.42 1330 
861007 -2.27 0935 861015 -1.93 
861021 -2.20 0941 861028 -1.63 0935 
861105 -1.37 1000 861112 -1.42 1000 
861118 -1.71 0950 861125 -1.98 1140 
861201 -1.73 1231 861209 -2.05 1004 
861218 -1.72 1343 870107 -1.32 1006 
870113 .45 1015 870120 -2.22 1033 
870127 -{).76 1006 870203 -{).74 1458 
870210 -{).34 1012 870217 -{).4 7 1007 
870224 -1.27 1445 870302 -1.53 1120 
870310 -1.20 1401 870317 -1.22 1459 
870325 -1.78 1022 870331 -1.20 1304 
870408 -1.21 1453 870413 -1.69 1441 
870421 -1.28 1457 ~':O429 -1.64 1058 
870505 -1.26 870512 -1.26 1313 
870519 -1.74 1031 870526 -1.32 
870604 -1.43 1000 870609 .38 0955 
870616 -1.85 1533 870702 -1.48 
870707 -1.45 1023 870714 -1.47 1412 
358 
A.12.9: Lake Ellesmere Water Level Data (rom) a.m.s.! 
Year 1986 1987 Min. Mean Max. 
Jan 920 920 920 920 
Feb 1042 930 939 991 1042 
Mar 818 890 818 854 890 
Apr 975 650 650 812 975 
May 1089 882 882 985 1089 
Jun 1021 1146 1021 1083 1146 
Jly 994 1041 994 1017 1041 
Aug 995 842 842 918 995 
Sep 740 1025 740 882 1025 
Oct 801 801 801 801 
Nov 669 669 669 669 
Dec 904 904 904 904 
APPENDIX 13 
SPRING DISCHARGE MONITORING 
A.I3.I Methodology 
A.I3.2 Results 
A.I3.3 Seasonal Variations 
359 
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~.13.1 Methodology 
I} Discharge monitoring of 27 springs was carried out on a monthly 
basis. A single reading at the end of each month is considered to be 
representative of the discharge value for that month. The monitoring was 
carried out (monthly) between June 1986 and May 1987. 
'2} The main objective for spring monitoring was to identify the springs 
with a low discharge variability (larger storage capacity). 
3} A cal ibrated 10 L (for flows less than 35Ljmin) and 20 Lbucket (for 
flows between 35 and 105Ljmin) was used for the monitoring. 
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Table A.13.3 
--------:-------------------------------------------------- ---------: 
S P R I N G S D A T A (Discharge) 
: --------1------------------------------------------------------------1 
IVears 1986 1987 
: --------1------------------------------------------------------------\ 
IHonths lJune July Aug Sept Oct Nov Dec Jan Feb Mar(h Apr May :Va~ 
l --------l------------------------------------------------------------1 (I.) 
:Spring No: Discharge (Lit/Hin) I I 
: --------:---------------------------7--------------------------------1 
14.1 , .1 14.8 18.B 2 
" 
3 • 1 0 0 .3 .2 .35 :5B75 I 
W.2.1 : 4.4 26.3 50.3 B.6 10.8 "7 .5 0 0 .35 1 1 12910 
'" W.2.2 :2.37 60 105 6.3 15 10 .4 0 0 0 .6 2.1 :4700 
W.3.1 I 1.7 20 2B 5.14 5.2 19 .5 0 0 1 1. B 2. 14 11420 
W.3.2 :2.04 24 57 3.7 b 37.5 2.4 0 0 .6 .S 1.5 :2570 
W.3.3 : ,7 11 16.5 1.1 1.65 9.75 .67 0 0 • 1 0 .9 :2060 
W.3.4: 1.1 6 12 1.9 5.4 9 .91 0 0 0 0 .1 11200 
W.3.5 .17 2 8 1.5 2.5 2.1 .14 0 0 0 0 .15 :1500 
W.4.1 .45 9 17 2.6 6 10 .57 .1 • 11 .32 .16 1.2 11130 
W.4.2 .22 3 5.45 .5 1."1 :l.BS .16 0 .05 .15 .12 .15 l2B6B 
W.4.3 6.1 40.6 51 13.7 18 26.2 1.5 0 .1 1.03 1.28 3.75 :1040 
W.4.4 .8 16.5 17 5.49 9.2 12.2 1.2 .115 .05 .32 .29 1.7 : 1168 
W.4.5 2.77 45 45.1 5 8 31.2 1.8 0 0 0 .05 .06 : 370 
W.S.l :2.1U 3.2 4.9 1.7 2 2.11.15 1.1 .6 1.41 .79 .9 I 277 
W.S.2 : 2 4.5 B 1 1.3 2.24 .172 0 0 0 .2 .7 : 1973 
W.5.3 : 6.5 24 21. B 5 6.2 10.5 .71 0 0 0 .15 .72 , 842 
W.S.4 111.3 70 120 10 36 62.2 4.78 0 o 1. 60 5.25 6 11500 
H.S.S :2.13 90 168 12 24 27 1. 84 0 o .578 .8 2.5 : 727 
W.5.6 11.75 36 50 4.6 7 12 .8 0 0 .54 .9 1.7 12900 
W.S.7 : ., 76 100 B 13.5 17.4 1.04 0 o .B82 1.93 4.71 :2980 L. 
A.l : 5.4 25.5 36 18 25 30 5 0 0 .42 .3 3.6 : 692 
E.l : 1.6 4.73 20.2 .65 4.3 7.5 0 0 0 0 .05 .1 : 5460 
E.2.1 : .45 1 4 .0 1 3.26 .72 .3 0 0 0 .22 13960 
E,2.2 : 2.3 5 22.6 3 4.6 17.7 3 0 0 0 .44 3.52 : 753 
E.2.3 : 2.8 13.6 3b 10.6 15 31.6 5. 1 0 0 .05 .768 1.46 I 911 
E.3.1 :.54B 1.66 2.34 1.42 2.1 2.b .91 .6 .62 .75 .62 ,9 : 228 
E.3.2 : 4.1 15 45 3.5 2.5 39.1 1.5 .24 0 0 .3 .7 :2250 
E, 3.3 I .25 6 12.9 5.33 9.0 25.5 3 0 0 0 .45 1.14 11231 
-------------------------------------------------------------------------
~ Spring V ariabili ty. 
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I\PPENDIX 14 
HYDROCHEMICAL I\ND ENVIRONMENTI\L I\NI\LYSI~ 
1\.14.1 Sampling Considerations 
1\.14.2 New Zealand Drinking Water Standard 
1\.14.3 World Ilealth Organisation Standard 
1\.14.4 Guidelines for Interpretation of Water Quality for Trace 
Elements in Irrigation Water 
1\.14.5 Conversion factors 
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NZ Drinking Water 
showing guideline 
Aesthetic (A) and 
Standard (NZ Board of Health. 198Y) , 
values for chemical components of 
Inorganic constituents (B). 
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World I h'alth Ol'g. 
1%.1 
Natl. Arad. S6. 
Mlixiulllm Maximum Natl. Al'all. Eng. 
Suhstance or proper! y acceptable allowahlc 1972 
Alkyl ocnzyl sulfonate (AIl~·. 0.5 0.5 
LAS, mcthylene-blue 
active substances 
A T11llloniulll nitrogcn 0.5 
Arscnic 0.05 0.1 
Bariulll I I 
Cadmium (J.O 1 0.01 
CnlciulI1 75 20() 
Chloridc 200 l!()O 250 
Chmmiul1I (hcxavalcnt) n.ns 0.05 
Color (PI-CO units) 5 50 75 
COl>IlCr' 1.5 I 
Cyanide 0.2 0.2 
Fluoridc· 1.4-2.4 
Iron (Fell) 0 . .1 0 . .1 
Lead (),(l5 0.05 
Magncsium SO 1)0 
MagnesiulH and sodium SIX) 1000 
sulfates 
Manganese (Mllll) 0.1 0.) (1.0) 
Mcrcury 0.002 
Nitrate nitrognl h 10 
Nitrilc nilmg(~n I 
Organics 
C;lrhon chloroform extract 0.2 0,) 0 . .1 
Carhon alcohol extract 1.5 
Pcsticides 
AI(lrin (WII I 
Chlordanc tW03 
DDT O,OS 
Dieldrin o.nol 
Endrin 0.(00) 
Ileplachior O,()()flJ 
Ileptachior cpoxidc O,O()O I 
Lindane (l,O(l5 
Methoxychlor 
Toxaphcnc (l.OOS 
Organo phosphorus :lIld 0,1 
carlmmale illsecticidcs 
Ilcrhicidcs 
24·1) 0.02 
2.4,5-'1'1' (Silvcx) 0.0.1 
2,4,5-T 0.002 
pll (units) 7-8.5 5-9 
J>hl~nolic cOIllPounds (as 0.001 O.lJ02 0.0000(11 
phcllol) 
Selc n i 11111 O.Ot (J.(lI 
Silvcr 
Sull;llc 200 400 250 
A.1~.3 Drinking Water Standard (World Health Organization, 1963, 
and Natl.Acad.Sci & Natl Acad. Eng, 1972).(from Rahn, 1986), 
A 
rrohle.,," a .. d qualily patameler, 
S~tliuily ('rrccl~ on ern" yield: 
Tnt .. 1 di.',olvc.I·,nlid .• cnllcen""lioll (mgll) 
Dclloceulalioll of clay ami reducli'lI1 i .. K and inlill. alion rale: 
Tnlal di""lved·,olid. conccnl,ation (mgll) 
Adj ... led ."diu", ",I,(ltl'ti .... ralio (SAR) 
SI'<"cilie ion " .. icily: 
noroll (lng/I) 
So,li",,, (a, nll.j"'led SA It I if wllter i •• h.orhed hy ",ols only 
$'1(lilll11 (mllll) if waler is .1,0 ah,nrhed hy leaves 
Chloride (mllll) if waler i, .I .. orhed hy '001, only 
Chloride (mg/I) if waler i, al." "h.OI hed hy leave., 
Qllality dlcet,: 
Nil"'gen i .. mgll (e>ce,. N "'"Y dclllY harve.t lime alld adversely 
alTed yield or """lily of "'8ar heel •• grnl>e •• <ilm,. /lv,>elld" •• 
"".icol., ete.) 
lIiea,h" ••• lc a. lIeO., in mgll (when W.lc, i. applied wilh 
.,,,inkler., hiea,ho"ale m"y call,e while carhonate dCI",,'I, on 
fruil' "nd leave,) 
Aluminulll 
Aisenic 
IIcryllilllll 
lIorou··-scn,ilive crops' 
5emilolcfilnl ClOpS 
luleralll CIOp~ 
Cadmiulll 
ChromiulIl 
Cohal! 
Copper 
Flumide 
lum 
LC;HI 
Lilhium . cilrll~ 
01 her t;r 0l'~ 
M;IlIgam:se 
MolyhdclIUIlI 
Nickel 
5dcniuIlI 
VanadiulIl 
I.illl; 
1 Fur add ~()ils only. 
B 
I'ermanl:nl irrigalioll 
of all ~oils 
.5 
0.1 
0.1 
n.75 
I 
1. 
0.01 
0.1 
1),0.5 
(),2 
I 
.5 
.5 
0.0/.5 
2.5 
0.2 
11.01 
0.2 
IIJJl 
0.1 
2 
No Increasing 
prohlem. prohlem .•. 
< 41tH 4Xn 1920 
> .110 < .1211 
<6 (, .. '1 
'" 0,5 O,~·2 
<J .19 
< (.9 >(.9 
< 142 142,.155 
< 106 " 11)(, 
<5 5-.10 
YO·S2n 
Up to 20 yeats irrigali()u 
of line texlured nelliral 
Severe 
()rol l lcl11s 
> J 920 
< 12K 
>9 
2 10 
>9 
" .l55 
> .10 
" 520 
hl alkaline soils (pi I (, In 11 . .5) 
20 
2 
0 . .5 
2 
11.05 
I 
.5 
5 
I:; 
211 
10 
O.trI.5 
2.5 
10 
0.05 t 
2 
O.tIl 
I 
10 
A.1~.~ Guideline for Interpretation of Water Quality for Irrigation (A) 
(from Ayers, 1975) and Recommended Maximum limits in milligrams 
per litre for trace elements in irrigation water (8) (from Natl. 
Acad. Sci. & Nat. Acad. Eng. 1972). 
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(;OIl(;Clllrlllioll:; ill mg/I lillie:; Ihc 
I;OIl\'I:rsioli fll(;lor yield:; cOlicelllrlllill1l ill 1111:11/1) 
I\lulllinulIl (Al+·1 ) 
I\lIIlIIoniulII (NH I ~) 
BariulIl (Ua +:l) 
Beryllilllll (lJe'P) 
Ilkar\)III1;,le (IICO;I-) 
Brolllide (13r-) 
C;ulllliulll (Cd f~) 
Calcilllll (Ca f <) 
Carbonal!! ((;0;1-1 ) 
Chloride (CI-) 
Cnb;ll1 (Co+~) 
Copper (CII+~) 
Filloridl: (F-) 
Ilyd rogl:1I (H f) 
Ilydroxide (OH-) 
Iodide (1-) 
Il'IIn (FI:·!) 
11'011 (FI:·:!) 
Lilhilllll (Lif) 
Magnesilllll (Mgf 1) 
Mangilncse (Mn'~) 
Nilrilfl: (NO;I-) 
Nilrif,: (NO;-) 
Phusl'hilf«: (pOI-a) 
I'hosphall: (111'0 1- 1 ) 
I'hosl'hall: (11~P04--) 
I'OfilssiulII (K I) 
I{lIhidilllll (I{h~) 
Sodilllll (Na f ) 
Sirolifilllll (Sr" 7) 
SlIlrafc (SO~ -Z) 
SlIlrid,: (S--l) 
/.inc (/.nf<) 
0.1111!1 
0.0;,;,44 
O.0145G 
(J.:l3 2 1I11 
0.01£l3U 
(UI 12;, 1 
0,0] 77\1 
O.04!l!IO 
0.03333 
0.02021 
O.03:1!14 
0.O:11411 
O.O;,2!i4 
0.!1!120!l 
0.O;,lII10 
O.007WI 
0.0:1;,111 
(l.O;,;J7L 
0.14·11 I 
O.Olln(i 
O.O:Hi·1O 
(l.O J(i 1:1 
(l.lIZ 17 ,I 
(l.0:11 ;,!I 
O.OZ( 111·1 
(1,(110:11 
O.lIZ;,;,? 
(UJlI7(l 
(UI·I :1:-,0 
1I.lInll:1 
1I.(ll(lIlZ 
O.()(iZ:1II 
(l.(l;I()(;O 
A.1~.S Conversion Factors for Chemical Equivalence (from Hem, 1970). 
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